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This study evaluated soybean [Glycine max (L.) Merr.] response to foliar fertilization at early 
vegetative stages in Iowa soils that tested mostly high in P and K. Several studies evaluated 
fertilization effects on grain yield; N, P, K, composition of vegetative tissue; and photosynthesis. A 
3-8-15 (N-P-K) mixture was evaluated at 21 trials in 1994. Treatments were a control, single 
applications of 19. 28, or 38 L ha"' at the V5 stage, and 38 or 56 L ha"' split one half at the V5 stage 
and one-half 8 to 9 days later. Three fertilizers were evaluated at 27 trials in 1995 and 1996. 
Treatments were a control, 28 L ha"' of 3-8-15, a split application (in two) of 38 L ha"' of 3-8-15, a 
single application of 28 and 56 L ha ' of 10-4-8, and a single application of 42 L ha ' of 8-0-7. Soil 
and plant samples were collected before the first spray. Trifoliolate leaves and whole-plants were 
collected at the R2 stage and apparent photosynthesis was measured in eight sites. Some or all 
treatments increased yield at 19% of the sites and decreased yield at 8% of the sites. Differences 
between treatments were inconsistent and the 28 L ha"' of 3-8-15 usually produced the highest yield. 
The mean response to this treatment was 270 kg ha"' at responsive sites and 70 kg ha"' over all sites. 
Only the higher rate of 10-4-8 caused moderate leaf damage but damage was not obviously related to 
yield decreases. Fertilization seldom increased plant nutrient content, photosynthesis, plant maturity, 
or weight of individual grains. In 1994, the higher yield responses occurred in no-till and ridge-till 
fields and when plant P concentration was low. Factor and regression analyses over sites showed 
that positive responses occurred mostly in soils with high cation exchange capacity and when plant 
growth, plant-available N or P, and (or) rainfall in spring or summer was low. These variables 
explained 14 to 27% of the responses in different years. Further research is needed to identity the 
conditions under which responses are more likely. 
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CHAPTER 1: GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized to have a general introduction, three papers that have been or 
will be submitted to American Society of Agronomy journals, and a general conclusion. Individual 
paper has an abstract introduction, materials and methods, results and discussion, and conclusion. 
Introduction 
Plants are capable of absorbing nutrients through aerial parts. The absorption mainly occurs 
through nutrient penetration of the cuticle and epidermal cells and transport across the epidermal 
cells. When leaves are turgid, the cuticle is more permeable, as leaf loses turgidity the waxy 
platelets in the cuticle shrink, which tends to seal the leaf and retard absorption. Foliar application 
cannot be a substitute for soil application, because concentrated nutrient solutions result in tissue 
damage and hence reduces the yield. Leaf bums due to N and K is more severe than some other 
nutrients due to higher salt index. Foliar applications of small amounts of N, P. and K can 
supplement soil fertilization and may stimulate growth when nutrient uptake by the roots or the 
transport to growing points are limiting factors. 
A supplementary application of N, P. and K through foliage has been shown to be successfiil 
in increasing crop yield. Researchers at Iowa State University in 1976 reported yield increases in 
soybean [Glycine max (L.) Merr.] up to 1570 kg ha ' over a check yield of 3540 kg ha ' from foliar 
fertilization during reproductive stages. Yield increases resulted from increases in number of seed, 
not increases in seed size. The nutrients were applied as urea, potassium polyphosphate, and 
potassium sulfate. The foliar applications were most effective when the spray solution contained N, 
P, fC, and S in the ratio of 10:1:30:0.5, a ratio similar to that in soybean seeds. These early results 
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could not be replicated in subsequent studies however. Leaf bum due to the foliar fertilizer salts was 
identified by many investigators as one reason for the lack of responses or yield decreases. 
During the seed filling period in grain crops, soluble carbohydrate and several nutrient 
elements are translocated from leaves and other vegetative parts to the developing seeds. Depletion 
of N, P. and K from the leaves during seed-filling is more severe in soybeans. Partly because of this 
reason there has been more research on foliar fertilization of soybeans during seed-filling than for 
other growing stages or other crops. Severe depletion of carbohydrates and mineral nutrients in 
leaves limits photosynthesis, [f the only source of photosynthetic materials to the seed at this stage is 
accumulated materials in the plants, the rate of seed-weight increase could decrease markedly. There 
is little or no translocation of carbohydrates and nutrients from shoots to the roots during this period 
so growth and extension of the roots stops and N-fixation in the nodules on leguminous plants 
ceases. Thus, the rate of nutrient uptake by roots and translocation from the roots gradually decrease 
during seed-filling. If photosynthesis and nutrient uptake are inhibited during the seed-filling period, 
the rate the rate of seed filling is slower and the final seed yield could be reduced. 
Little research had emphasized the study of foliar fertilization of soybean during early 
vegetative stages. A problem often mentioned for this practice is that amount of nutrients that can be 
applied early are too low for the plant needs, because of reduced foliage at this stage and to avoid 
leaf burning. Small amounts applied at early critical periods, however, could be effective if foliar 
fertilization is viewed as a complement for soil fertilization. There are good reasons for expecting 
positive responses of soybean to foliar fertilization with P and K during early vegetative stages. 
Observation in Iowa over the years suggest that P and K deficiencies often occur during early growth 
of com or soybean when there are rainfall deficits in late spring. Deficiency symptoms for these 
nutrients have been observed even on high testing soils that have been fertilized. Because 
fertilization usually are incorporated into the first 7.5 to 15 cm of the soil, deficiencies may be partly 
•> 
J 
explained by inhibited activity of roots when the topsoil is dry. This situation may occur often in the 
western Com Belt, and it may be a major problem when subsoils are low in available nutrients. In 
these situations, foliar applications of fertilizers could result in increased growth and higher yield. 
When soil moisture and soil levels of P and K are appropriate, responses to foliar application of these 
nutrients are not likely. 
There are also physiological reasons for expecting positive responses of soybean to foliar 
fertilization with N during early vegetative stages. Although soil N uptake and N, fixation can occur 
simultaneously in soybean, the patterns of these processes over time are different. Measurable 
amounts of N, fixation usually are first evident about two weeks after emergence. Amounts of N, 
fixed increase slowly to a high peak usually reached at beginning of the pod set to seed filling stages 
and declines rapidly thereafter. Research has shown that a rapid decline of soil N uptake often 
begins before N, fixation reaches it maximum. In these situations, a foliar application of a low 
amount of N could avert deficiency by increasing growth when Ni fixation is not yet fully developed. 
High rates of N. however, could result in undesired decrease in N, fixation and no change in yields. 
Expanding use of soybean as an animal feed and as an industrial raw material have 
stimulated research on furtlier development of fertilization and other management practices to 
increase yield and improve the quality of seeds. Traditionally, the soybean plant has been classified 
as poor responder to fertilization, a belief that could limit potential yield improvement. This study 
was initiated to evaluate foliar fertilization of soybean at early vegetative stages and its effects on 
grain yield, nutrient composition of soybean plant, and photosynthesis under Iowa conditions. 
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Chapter 2: FOLIAR FERTILIZATION OF SOYBEAN AT EARLY VEGETATIVE STAGES 
A paper for submission to the Agronomy Journal 
M.U. Haq and A.P. Mallarino 
Department of Agronomy, Iowa State University, Ames. lA 50011 
ABSTRACT 
The yield response of soybean [Glycine max (L.) Merr.] to foliar fertilization during 
reproductive stages has been inconsistent. This study evaluated soybean responses to foliar 
applications of a 3-8-15 (N-P-K) fertilizer at early vegetative stages in 48 trials conducted in Iowa 
soils that tested mostly optimum or above in P and K. In 1994, the treatments were a control, single 
applications of 19, 28. or 38 L ha"' at the V5 stage, and 38 or 56 L ha"' split one half at the V5 stage 
and one-half 8 to 9 days later. In 1995 and 1996, the single rates of 19 and 38 L ha ' and the split rate 
of 56 L ha ' were dropped. All treatments were replicated four times. Some or all treatments 
increased yields (P < 0.1) in seven sites and decreased yields at two sites. No treatment caused leaf 
burning. Mean yield increases were 60 kg ha ' in 1994 (not significant), 30 kg ha ' in 1995 (not 
significant), 60 kg ha"' in 1996 {P 0.1), and 54 kg ha ' (/• < 0.05) across the 48 sites. Differences 
between treatments were small and inconsistent. The single application of 28 L ha"' produced the 
highest mean yield increase across the responsive sites (375 kg ha"'). In 1994, the higher yield 
responses occurred in fields managed with ridge-tillage or no-tillage and when the P concentration of 
young plants was low. Foliar fertilization seldom increased P and K. concentrations of leaves at the 
R2 growth stage and did not affect plant maturity, grain moisture, or the weight of grains. No simple 
set of measurements explained the occurrence of yield responses. Results of factor and regression 
analyses suggested that positive responses tended to occur in soils with high CEC, when plant-
available P was low (as evaluated by plant analysis but not necessarily by soil tests), and (or) when 
rainfall in spring and mid-summer was low. This group of variables explained only 14 to 23% of the 
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responses in different years, however. Effective use of foliar fertilization of soybean at early growth 
stages in areas with predominantly high-testing soils requires further research to identify the 
conditions under which positive responses are more likely. 
INTRODUCTION 
Extensive research has addressed foliar fertilization of soybean during reproductive stages. 
The soybean plant has been characterized by markedly reduced root activity during late seed 
development and increased translocation of nutrients and metabolites from other tissue into the seed 
(Hanway, 1975). This depletion of nutrients from leaves could result in decreased photosynthesis, 
leaf senescence and lower grain yields. If nutrients were applied directly to the foliage at this time, 
leaf senescence could be delayed and grain yields might be increased. Research conducted to test 
this hypothesis has yielded inconsistent results, however. Garcia and Hanway (1976) examined 
various combinations of foliar applied N, P, K, and S at R2 to R7 growth stages and found that a 10-
1-3-0.5 ratio increased yields by 470 to 540 kg ha"'. They concluded that the four nutrients were 
needed and that the optimum time of application was between growth stages R5 and R6. The 
Tennessee Valley Authority coordinated more than 100 foliar fertilization trials with soybean at 
reproductive stages in several states. Summary reports (Gray, 1977; Peele. 1977) showed that yield 
responses varied from increases of 30 kg ha"' or less to decreases as high as 400 kg ha"'. Other work 
(Boote et al.. 1978; Sesay and Shibles, 1980; Syverud et al., 1980; Vasilas et al., 1980; Poole et al. 
1983) showed similar small and inconsistent responses that could seldom be explained by leaf 
burning, management, or site characteristics. 
Little research had emphasized the study of foliar fertilization of soybean during early 
vegetative stages. Rosolem et al. (1982) showed no yield increase from foliar fertilization applied at 
30, 45. 60 and 75 days after seedling emergence. They used various N-P-K. ratios with or without 
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addition of several micronutrients. A problem often mentioned for this practice is that the amount of 
nutrients that can be applied are too low because of a small canopy at this stage and frequent 
applications are not economically feasible. Small amounts applied at early critical periods, however, 
could be effective if foliar fertilization is viewed as a complement for soil fertilization. Foliar 
fertilization at early vegetative stages could increase yields by different mechanisms compared with 
fertilization at reproductive stages. 
Field observations in Iowa suggest that P and K deficiencies often occur during early growth 
of com and soybean when topsoil is dry during late spring or early summer. Deficiency symptoms 
for these nutrients sometimes have been observed even on high testing soils that have been fertilized. 
Because fertilizers usually are incorporated into the first 5 to 15 cm of soil or are not incorporated in 
no-tillage, deficiency symptoms may be partly explained by inhibited activity of roots when this layer 
is dry. This situation may occur often and may be a problem in Iowa because most soils are low in 
subsoil P and K.. In these situations, foliar fertilization could result in increased growth and higher 
yield. Furthermore, foliar fertilization with small amounts of N could increase yields without 
delaying the onset of the N fixation mechanism. Responses to soil applied N have been ineffective in 
well nodulated soybean and it has been shown that as the soil nitrate levels increase, nodule weight 
and size, and N fixation decreases (Harper et al., 1972). 
The potential benefits of foliar fertilization of soybean at early stages need to be evaluated 
over a wide variety of growing conditions. The objectives of this study were to study the grain yield 
response of soybean to foliar fertilization with macronutrients during early vegetative stages under a 
variety of growing conditions. 
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MATERIALS AND METHODS 
Forty-eight foliar fertilization trials were established from 1994 to 1996 on farmers' fields in 
three distinct regions of Iowa (east, west, and north-central regions). The management practices, 
except foliar fertilization, were those commonly used by the farmers. There were wide ranges of 
soybean varieties, soil types, tillage systems, planting dates, and other management practices. 
Summarized information about soils, management practices, and weather is shown in Table 1. 
The treatments were rates and times of application of a commercially available 3-8-15 (N-P-K.) fluid 
fertilizer. This fertilizer is manufactured by reacting H3PO4 with aqueous ammonia and KOH and by 
adding urea. The treatments used in 1994 were a control, single applications of 19, 28. or 38 L ha ' 
at the V5 growth stage (Fehr et al., 1971) and 38 or 56 L ha ' split one half at the V5 growth stage 
and one-half 8 to 9 days later. The second application took place 7 to 9 days after the first. In 1995 
and 1996, the single rates of 19 and 38 L ha"' and the split rate of 56 L ha ' were not evaluated. Each 
plot measured 12 m in length and 4.5 to 5.5 m in width depending on the row spacing. The foliar 
fertilizer was applied using a hand-held CO^-powered sprayer adjusted at a constant pressure of 0.17 
MPa diluted into 100 L ha ' of water. The single rate of 38 L ha"' that was applied with a double 
pass of the sprayer applying the 19-L rate. The plots were sprayed during late afternoon or evening 
hours when wind speed was less than 15 km hr"' and air temperature was less than 27 °C. 
One composite soil sample (10 cores. 0 to I5-cm depth) was collected before the foliar spray 
form each replication at each site. Samples were analyzed for pH, organic matter, and macro and 
micro nutrients using routine soil-test methods (Table 2). Phosphorus was determined by the Bray-1 
method; K, Ca, and Mg by the ammonium acetate method; organic matter by loss of weight on 
ignition (LOI); and the micronutrients Fe, Zn, Cu, and Mn by the 0. LVf HCI method. Cation 
exchange capacity was estimated by the sum of Ca, Mg (from the ammonium acetate extraction), and 
exchangeable H^. Exchangeable was estimated from measurements of pH and buffer pH, the 
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Table 1. Summarized information about the locations, foliar fertilization dates, and weather. 
Soil classiflcationf Preplanct Planting First Rainfalls 
Site Year Location Series Great eroup TW fertilization Variety # date spray Ttt Apr May Jun Jul 
I l994WelIman Givin U. Ochraqualfs N none D-cx366 May 3 June 14 
"C 
15 42 
— mm — 
76 174 69 
2 Wellman Ladoga M. Hapludalfs N none S-3075 May 3 June 14 15 42 76 174 69 
3 Wellan Bremer T. Argiaquolls N none S-3980 May 11 June 14 15 42 76 174 69 
4 Kalona Jakson T. Haplaquolls C 0-0-112 P-9342 May 11 June 14 17 36 49 185 61 
5 (Calona Bremer T. Argiaquolls C none lCl-0260 May 3 June 14 17 36 49 185 61 
6 Kalona Bremer T. Argiaquolls c none NK-3535 May 10 June 14 17 36 49 185 61 
7 Kalona Bremer T. Argiaquolls c Manure P-9341 May 9 June 14 17 36 49 185 61 
8 Gowrie Webster T. Haplaquolls c none M-2200 May 7 June 16 16 56 49 153 61 
9 Gowrie Webster T. Haplaquolls c none M-2200 May 11 June 16 16 56 49 153 61 
10 Callender Webster T. Haplaquolls c none D-2915 May 5 June 16 16 56 49 153 61 
II Sn^tford Webster T. Haplaquolls R none S-2250 May 10 June 16 16 53 78 196 83 
12 Stratford Turline C. Haplaquolls R none S-2250 May 10 June 16 16 53 78 196 83 
13 Ames Clarion T. Haplaquolls N none P-9273 May 9 June 17 17 70 44 142 58 
14 .-Vmes Zook C. Haplaquolls c none P-9273 May 10 June 17 17 70 44 142 58 
15 Audubon Marshall T Hapludolls N none W-2470 May 12 June 21 16 61 35 131 49 
16 Audubon Marshall T. Hapludolls R none P-9303 May 18 June 21 16 61 35 131 49 
17 Audubon Marshall T Hapludolls R none P-9304 May 25 June 21 16 61 35 131 49 
18 Audubon Marshall T. Hapludolls R none P-9304 May 27 June 21 16 61 35 131 49 
19 Audubon Marshall T Hapludolls R none P-9321 May 27 June 21 16 61 35 131 49 
20 Manning Colo C. Argidolls N none Conrad May 5 June 21 16 61 35 131 49 
21 Manning Marshall T Hapludolls N none SOl-301 May 15 June 21 16 61 35 131 49 
22 1995 Gowrie Canisteo T. Hapludolls C none FC-201 May 24 June 30 13 77 148 132 55 
23 Gowrie Canisteo T. Hapludolls C none FC-282 May 21 June 30 13 77 148 132 55 
24 Callender Webster T. Haplaquolls c 36-90-120 D-267 May 21 June 30 13 77 148 132 55 
25 Stratford Webster T. Haplaquolls R none S-2250 May 17 June 30 14 87 164 81 63 
26 Stratford Nicollet A. Hapludolls R none S-2250 May 20 June 30 14 87 164 81 63 
27 Wellman Ladoga M. Hapludalfs N none S-3630 May 6 June 29 14 166 135 135 66 
28 Wellman Ladoga M. Hapludalfs N none S-3630 May 17 June 29 14 166 135 135 66 
29 Kalona Nevin A. Argiaquolls C none NK-3606 May 17 June 29 16 185 163 176 60 
30 Kalona Bremer T. Argiaquolls C none NK-3606 May 17 June 29 16 185 163 176 60 
31 Holland Tama T. .Axgiudolls R none Boone III May 26 July 3 13 103 112 92 142 
32 Audubon Marshall T Hapludolls R 0-90-65 W-2840 May 22 July 6 14 127 129 41 41 
33 Audubon Marshall T Hapludolls R none W-2840 May 22 July 6 14 127 129 41 41 
34 Audubon Marshall T Hapludolls R none S-2250 May 25 July 1 14 127 129 41 41 
35 .A.udubon Marshall T. Hapludolls R none P-9273 May 25 July 1 14 127 129 41 41 
36 Manning Marshall T. Hapludolls N none SOl-3237 May 22 July 1 14 127 129 41 41 
37 Manning Marshall T Hapludolls N limed D-cx250b May 17 July 1 14 127 129 41 41 
38 •Ajnes Clarion T. Hapludolls N none P-9273 June 4 July 8 14 134 110 88 101 
39 1996 Gowrie Harps T. Haplaquolls C none lCI-260 May 22 July 9 13 36 172 158 89 
40 Gowrie Canisteo T. Haplaquolls C none P-9281 May 22 July 9 13 36 172 158 89 
41 Harcourt Canisteo T. Haplaquolls C 36-92-120 D-252 May 21 July 9 13 36 172 158 89 
42 Stratford Webster T. Haplaquolls R none H-2250 May 21 July 9 14 38 143 187 87 
43 SUatford Nicollet A. Hapludolls R none H-2250 May 22 July 9 14 38 143 187 87 
44 Parkesburg Clyde T. Haplaquolls N 10-34-0 L-5248 May 14 July 9 13 36 133 70 57 
45 Parkersburg Kenyon T Hapludolls N 10-34-0 L-5248 May 16 July 9 13 36 133 70 57 
46 •Alden Harps T Calciaquoll R none Pr-2440 May 21 July 9 13 36 133 70 57 
47 Ames Webster T. Haplaquolls N 18-46-61 P-3489 June 12 July 10 14 33 194 132 104 
48 Ames Webster T. Haplaquolls C 0-40-120 0-180 June 13 July U 14 33 194 132 104 
t A= Aquic, C= Cumulic, M= Mollic, T= Typic, and U= Udollic. $ Soil fertilization for soybean (most farmers 
fertilized the previous com crop). § Rainfall in April, May, June, and July, f TI= Tillage: C= chisel plow and 
R= ridge-till (76 to 97-cm row spacing), N= No-till (19-cm row spacing). # D= Dekalb, FC= Farmers' Coop. 
H= Hill, L= Lynks, M= Midwest, NK= Northrup King, P= Pioneer, Pr= Prairie, S= Stine, 0= Ottile, W= 
Wilson, na= not available, tt T = Average air temperature during May. 
9 
Table 2. Soil and small-plant analysis for selected nutrients. 
Soil analysis Plant analysis 
OM CECt pH NO3-N P K Fe Mn Zn Cu P K 
Site % ppm g kg-' 
I 3.8 32 7.3 I 55 199 25 55 2.6 1.6 3.7 22.8 
2 3.2 18 6.8 1 35 181 13 50 2.4 I.O 4.3 23.8 
•> J 2.8 16 5.8 3 78 205 52 51 4.0 1.7 4.2 37.4 
4 3.0 17 6.6 13 82 331 21 56 7.2 2.4 4.7 28.7 
5 2.3 14 6.6 4 35 110 20 43 2.8 1.5 3.5 25.6 
6 2.5 13 6.7 3 121 144 53 52 9.0 1.8 4.9 28.4 
7 2.9 15 5.4 50 84 155 73 60 5.9 1.9 4.2 32.2 
8 3.9 29 6.9 I 26 127 18 34 2.1 1.1 3.9 21.2 
9 4.1 32 6.1 1 17 127 17 29 1.7 1.2 3.8 27.7 
10 4.7 32 6.9 4 48 158 10 47 2.5 0.8 3.9 30.4 
II 3.6 37 5.8 1 20 114 27 28 1.7 1.4 3.4 18.6 
12 2.4 25 7.5 I 17 130 12 47 3.8 0.9 3.4 28.2 
13 4.0 29 6.5 1 14 113 8 26 1.8 0.8 3.3 22.7 
14 3.9 32 6.4 3 24 103 2 27 2.5 1.0 3.5 21.9 
15 3.9 29 6.2 6 24 181 II 36 1.5 1.3 2.9 24.0 
16 3.4 31 6.4 1 13 130 12 29 1.5 1.3 2.7 21.8 
17 2.9 26 5.8 4 90 215 23 34 2.7 2.2 3.7 23.9 
18 2.6 27 5.5 5 125 303 34 43 2.7 1.9 3.6 26.7 
19 3.2 27 6.2 5 96 378 14 34 3.9 1.8 3.8 27.9 
20 3.1 28 6.9 9 125 379 24 44 4.1 1.6 3.1 32.9 
21 J.J 27 5.6 I 125 379 36 47 3.8 1.6 3.9 38.4 
22 5.0 31 8.0 10 13 136 8 26 2.0 0.7 3.1 23.9 
23 5.1 30 8.1 II 13 158 10 36 2.0 0.6 3.3 24.5 
24 5.2 26 6.2 20 81 241 25 16 5.0 1.0 4.0 27.5 
25 4.1 23 6.0 II 13 89 24 13 1.5 I.I 3.0 17.2 
26 4.3 23 6.2 11 114 373 33 17 4.4 1.4 4.2 31.8 
27 3.6 17 6.8 12 71 269 19 15 4.6 1.5 4.0 24.4 
28 2.8 12 6.9 14 75 321 17 11 6.2 1.4 4.2 32.6 
29 2.3 11 6.4 13 66 138 29 15 3.4 1.4 4.1 25.0 
30 2.7 13 6.5 12 58 106 21 14 2.7 1.4 3.9 17.5 
31 3.4 17 6.8 11 27 125 11 15 2.2 1.2 3.8 22.0 
32 3.1 17 6.6 11 22 126 14 13 2.1 1.7 3.6 21.2 
33 3.2 15 6.3 12 46 232 19 II 2.7 2.4 3.2 24.2 
34 3.4 16 6.3 12 22 128 13 10 1.6 1.2 3.0 18.3 
35 3.2 17 5.7 17 125 377 41 26 5.7 2.3 4.2 28.2 
36 3.5 16 5.5 16 23 142 19 13 1.6 1.4 3.2 23.6 
37 3.1 19 7.0 11 49 224 29 21 3.7 1.9 3.4 22.7 
38 2.3 15 6.7 10 19 To 13 13 2.4 1.2 4.0 T9.7 
39 5.9 31 7.9 II 6 171 6 21 1.4 0.5 3.1 21.6 
40 5.2 32 7.8 II 13 163 8 24 1.7 0.6 3.6 24.0 
41 5.5 28 7.5 11 24 182 9 36 2.3 0.5 3.8 27.0 
42 4.8 24 6.3 13 41 148 11 10 3.4 3.0 3.3 21.0 
43 4.5 23 5.5 20 35 126 JJ 11 2.2 1.7 3.1 18.1 
44 4.6 18 6.6 22 42 184 18 16 3.2 0.8 3.5 27.0 
45 4.4 18 6.4 21 27 137 13 13 2.8 0.7 3.4 25.3 
46 5.9 28 8.1 18 10 122 5 21 1.6 0.3 3.2 22.4 
47 4.1 21 5.8 14 45 156 31 12 2.4 1.2 3.5 27.6 
48 4.1 19 6.8 15 121 375 53 15 19.9 1.4 5.4 37.7 
tCEC = Cation exchange capacity (meq 100 g"'). 
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latter fay the Shoemaker, McLean, and Pratt (SMP) method. All methods used are among those 
recommended for the North-Central region and procedures are described in the North Cent 
Publication 221 (Brown, 1998). A composite sample of ten plants was collected from each 
replication at each site before spraying at the V4 to V5 growth stage. Samples of trifoliolate leaves 
consisting of 30 uppermost fiilly expanded leaves were collected at the R2 growth stage from 
selected treatments. The treatments were the control, the single 28-L rate, and the split 38-L rate. 
Plant samples were dried in an air-forced oven at 65 °C, ground to pass a 2-mm screen, dry-ashed, 
and dissolved in QAM HCl for determination of total P and K. Only P and K concentrations were 
measured because these were the nutrients added in significant amounts. Phosphorus was 
determined colorimetrically and K was determined by emission. 
Visual ratings of potential leaf bums due to the first fertilizer application were collected at 
the time of second application. The degree of burning was expressed as the percentage of leaf area 
damaged. Potential treatment effects on duration of leaf area were estimated by visual ratings of the 
proportion of green and yellow leaves before leaf drops began. All visual ratings were performed by 
at least two independent evaluators. To measure grain yields, 9 m length of the center two rows (or a 
1-m swath in no-till drilled fields) was cut with a sickle-bar mower and the grain was threshed with a 
stationary thresher. The threshed grain was weighed in the field and a sample of each plot was 
collected to estimate grain moisture and weight of individual grains. Grain yields were adjusted to 
13% moisture. 
The experiments were conducted using a randomized complete-block design with four 
replications. Analyses of variance (SAS Institute, 1996) were conducted for each site, over sites 
within each year, and over the 48 sites. The treatment sum of squares was partitioned into an 
orthogonal contrast of the control vs. fertilized treatments. Means were further compared by LSD {P 
< 0.05 and 0.1) when the treatment main effect or the contrast control verses fertilized were 
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significant (/* < 0.1). Simple correlation and multivariate factor analyses were used to study the 
relationships between continuous site variables and yield responses across sites. The index of yield 
response used was the yield increase, which was calculated by subtracting the yield of the control 
from the mean yield of the single 28-L and split 38-L treatments (the fertilization treatments common 
to all trials). Groups of correlated site-variables across sites were defined using factor analysis 
(Johnson and Wichem, 1992). Factor analysis has been used before to study relationships between 
yields and correlated site variables (Mallarino et al., 1996). Factors were extracted with the principal 
factor procedure and the Promax rotation method (SAS Inc., 1996). New variables, usually referred 
to as latent variables, were created for each site by standardizing and averaging selected variables 
from each factor for which the eigenvalues of the correlation matrix were one or greater. The term 
latent variable denotes that these variables represent underlying and directly unobservable factors. 
The basis for selecting variables fi*om each factor was in the size of partial correlation coefficients 
that often are referred to as factor loadings (Johnson and Wichem, 1992). Simple and multiple 
regression equations were fit to relationships between yield increases and the latent variables across 
sites. 
RESULTS AND DISCUSSION 
Foliar fertilization effects on grain vields. 
Grain yields observed for the six treatments evaluated in the 21 trials conducted in 1994 are 
shown in Table 3. Statistically significant positive responses to some or all treatments were observed 
at seven sites when a probability level of 0.1 is used. All or several treatments increased yields {P < 
0.1) and none decreased yields at Sites 12, 15, 17, and 20. Some treatments increased yields and 
others decreased yields at Sites 3 and 16. At Site 3, there was a positive effect of the 28-L single 
treatment and a negative effect of the split 38-L treatment. Also, the 28-L treatment yielded 
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Table 3. Effects of foliar Fertilization on grain yield of soybean at 48 Iowa sites. 
Site 0 19 19+19 28 28-1-28 38 TRT Cvs. F LSDoo5 LSDq 1 
ks ha"' P > f  leg ha"' 
1 3521 3480 3682 3601 3554 3487 0.97 0.98 
2 4199 4388 4152 3951 4031 3924 0.72 0.65 
3 3091 3037 2748 3447 2829 3272 0.04 0.87 457 377 
4 4105 4092 3991 4078 3884 4092 0.63 0.50 
5 3769 3837 3843 3601 3527 3931 0.13 0.85 
6 4280 3998 3951 4011 4112 4038 0.08 0.01 222 182 
7 4011 4085 4099 4105 4078 3937 0.78 0.64 
8 3877 3924 3816 3850 3857 3783 0.97 0.83 
9 3635 3561 3669 3675 3756 3675 0.82 0.79 
10 3897 3890 3890 3776 3763 3877 0.90 0.64 
11 3272 ^ 3292 3252 3225 3319 0.98 0.92 
12 3111 3568 3622 3897 3823 3527 0.41 0.07 806 662 
13 4038 4065 4159 4213 3998 3978 0.73 0.75 
14 3447 3447 3380 3561 3447 3702 0.62 0.69 
15 3124 3366 3232 3360 3507 3386 0.10 0.02 269 219 
16 3326 3084 3541 jjjj 3064 3111 0.10 0.49 383 312 
17 3937 4011 4260 4401 4253 4159 0.26 0.09 430 352 
18 4280 4408 4388 4273 4569 4408 0.77 0.44 
19 4542 4535 4441 4502 4401 4455 0.83 0.45 
20 3333 3689 3689 3480 4058 3521 0.03 0.03 334 271 
21 3568 3662 3776 3702 4011 3615 0.75 0.45 
Means 3732 3784 3791 3813 3798 3771 0.33 0.79 
22 2620 2956 3252 0.02 0.01 351 288 
23 3944 3850 3951 0.96 0.89 
24 4367 4663 4421 0.70 0.58 
25 3265 3447 3447 0.84 0.57 
26 3279 3507 3487 0.75 0.59 
27 3312 2943 3205 0.59 0.47 
28 3084 2849 2735 0.16 0.07 263 215 
29 3776 3259 3816 0.12 0.30 
30 3816 4199 3601 0.11 0.95 
31 3427 3474 3407 0.77 0.86 
32 3024 3286 3144 0.86 0.68 
33 2735 2889 2835 0.68 0.41 
34 3017 2929 2802 0.63 0.38 
35 3319 3272 3272 0.94 0.74 
36 3077 3178 2970 0.50 0.98 
37 2688 2956 2822 0.32 0.20 
38 3044 2755 2923 0.15 0.11 
Means 3282 3318 3299 0.95 0.72 
39 2426 2345 2654 0.73 0.84 
40 3501 3682 3716 0.69 0.42 
41 3501 3252 3333 0.25 0.13 
42 3326 3386 3333 0.94 0.86 
43 3232 3312 3265 0.89 0.69 
44 3037 3165 3232 0.87 0.63 
45 2667 2647 2809 0.45 0.59 
46 2614 2782 2748 0.70 0.43 
47 3521 3507 3669 0.81 0.78 
48 3588 3608 3581 0.91 0.96 
Means 3141 3169 3234 0.49 0.10 83 69 
means- 3449 3502 3501 0.14 0.05 
1994 
1995 
1996 
t TRT= treatment main effect, C vs. F= controls vs. fertilized treatments. 
J Means for the three treatments that were evaluated in 1994, 1995, and 1996. 
13 
significantly more than the split 38-L and 56-L treatments. At Site 16 there was a positive effect of 
the split 38-L treatment but negative effects of the 19-L, single 38-L. and split 56-L treatments. All 
treatments reduced yields at Site 6. Interpretations of the results differ markedly depending on the 
probability level used. When a probability level of 0.05 is used, all the treatments increased yields at 
Sites 15 and 20, some treatments increased or decreased yields at Site 3, and all treatments decreased 
yields at Site 6. Foliar fertilization had no statistically significant effect across the 21 sites, although 
there was an overall mean increase of 60 kg ha"' of grain over the control. 
Due to the lack of consistent differences among fertilized treatments in 1994, only the 
control, the single application of 28 L ha ', and the split applications of 38 L ha"' were evaluated 
during the latter two years of the study. In 1995, foliar fertilization showed statistically significant 
responses at two sites (Table 3). At Site 22, both treatments increased yield at a probability level of 
0.05. At Site 28, both treatments decreased yields at a probability level of 0.1. Treatment effects 
were not statistically significant across the 17 sites and the mean yield advantage of fertilization was 
only 30 kg ha"'. In 1996, there were no statistically significant treatment effects (/• < 0.1 or less) at 
any site. Nonsignificant small responses at several sites probably explain a significant yield response 
to fertilization (/• < 0.1) across the 10 sites. The average yield response was small, however, and 
amounted to only 61 kg ha"'. 
When data for the three treatments common to all 48 sites were combined, foliar fertilization 
increased yields slightly {P < 0.05). The mean yield advantage of the 28-L and split 38-L treatments 
over the control was 54 kg ha"'. When means of these two treatments were calculated over the seven 
sites that showed positive responses to fertilization, the yield advantage over the control was 295 kg 
ha"'. The average yield reduction at the two sites where these treatments reduced yields significantly 
was 296 kg ha"'. The negative responses at two sites cannot be explained by leaf burning because no 
treatment caused burning at any site. Small positive responses at many trials undetected by single-
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site analysis of variance explain the small (and barely significant) positive response over the 48 sites. 
Foliar fertilization effects on weight of grains and plant maturity. 
The weight of grains varied from 15 to 20 g 100"' seeds across sites but fertilization seldom 
affected seed weight and data are not shown. Moreover, the few sites in which fertilization increased 
seed weight slightly did not coincide with the sites in which grain yield responses occurred. This 
results suggest that any fertilization effect on grain yield was due to response in seed numbers. 
Foliar fertilization did not affect the maturity of the soybean plants at any site (data not shown), 
which was evaluated as the proportion of yellow and green leaves in the fall. 
Foliar fertilization effects on P and K concentrations of the leaves. 
The treatments seldom influenced the P and K. concentrations of trifoliolate leaves sampled 
at the R2 growth stage (Table 4). The 28-L treatment increased the P concentration at Site 11. Both 
treatments reduced P concentrations at Sites 10, 29. and 35. Differences were small in all instances. 
The P concentrations of leaves for the control treatments ranged from 0.24 to 0.46 % across sites. 
Results of many studies summarized by deMooy et al. (1973) showed that leaf P concentrations 
lower than 0.25% usually are deficient and that concentrations of 0.26 to 0.50 % usually are 
sufficient for optimum soybean yields. Only si.x sites (Sites 16, 22, 25, 39, 45, and 46) tested low 
according to this standard, although no site tested below 0.20 % P. Foliar fertilization increased 
grain yields at two of these sites (Site 16 and 22) and did not increase leaf P concentrations at any of 
these six sites. Both treatments decreased the K. concentration of leaves slightly at Site 16, 26, and 
38 (Table 4). The K. concentrations of leaves for the control ranged from 1.06 to 4.30 % across sites, 
which suggests that K did not limit yields at most sites. Sufficient levels of leaf K cited by deMooy 
et al. (1973) range from 1.71 to 2.5%. Only five sites (Sites 22, 25, 30, 39, and 45) tested low 
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Table 4. Effect of foliar fertilization on the P and K. concentrations of trifoliolate leaves at the R2 
stage. 
Lha-' of 3-8-15 
Site 0 19+19 28 0 19+19 28 
... Leaf P (g Kg ').. . Leaf K (2 Kg ').. 
I 3.7 3.7 3.5 29.9 30.2 29.5 
2 3.8 3.9 3.9 36.0 33.0 33.0 
J 3.6 3.7 3.7 38.8 38.3 37.8 
4 4.2 4.4 4.1 43.0 34.2 44.1 
5 3.4 3.6 3.4 34.0 36.5 28.8 
6 4.6 4.6 4.7 42.8 39.2 43.2 
7 3.8 3.9 3.8 25.2 24.7 26.6 
8 4.1 4.0 4.0 18.4 19.4 18.4 
9 3.5 3.6 3.5 23.1 20.6 21.9 
10 4.1 4.0 4.0t 23.6 22.6 21.6 
11 3.3 3.2 3.5t 30.6 27.1 28.0 
12 3.4 3.8 4.0 31.7 30.8 34.5 
13 3.6 3.7 3.7 20.5 21.1 21.6 
14 3.8 3.5 3.6 17.6 16.9 18.9 
15 3.4 J.J J.J 23.0 20.4 26.6 
16 2.4 2.6 2.5 25.5 21.2 22.8t 
17 3.1 3.2 32 24.9 25.8 26.8 
18 3.2 3.2 3.2 32.6 31.6 34.9 
19 3.7 3.6 3.6 30.3 30.1 28.9 
20 3.8 3.8 3.7 32.5 34.4 32.9 
21 3.6 3.7 3.7 35.8 32.8 35.6 
22 2.5 2.4 2.5 15.8 16.4 15.9 
23 2.6 2.6 2.7 19.4 20.8 17.7 
24 3.2 3.2 J.J 30.0 27.8 28.1 
25 2.2 2.2 2.0 10.0 8.9 9.1 
26 2.9 3.0 3.0 35.1 30.3 32. It 
27 3.4 3.3 3.5 26.6 28.3 26.1 
28 3.7 3.7 3.7 35.9 35.7 37.3 
29 3.7 3.5 3.6t 23.3 23.5 20.4 
30 4.3 4.3 4.4 13.4 15.4 14,7 
31 4.3 4.5 4.5 20.6 21.2 19.5 
32 3.9 3.9 4.0 20.9 23.0 23.3 
J.J 3.0 3.2 23.8 24.9 24.5 
34 3.2 3.2 3.2 21.0 20.5 21.2 
35 3.7 3.5 3.5t 27.9 27.9 26.5 
36 2.6 2.8 2.7 23.7 22.5 25.6 
37 3.4 J.J 3.4 26.3 25.6 26.4 
38 3.6 3.5 3.6 25.8 21.4 24.lt 
39 2.0 2.1 2.1 12.8 15.3 14.3 
40 2.7 2.8 2.7 20.1 19.9 20.6 
41 3.0 2.8 2.8 23.2 26.6 22.1 
42 3.4 3.5 3.5 20.5 22.5 22.7 
43 3.1 2.9 2.9 21.9 22.8 20.4 
44 3.1 3.1 3.2 24.1 25.4 24.5 
45 2.4 2.6 2.4 16.8 17.5 16.5 
46 2.2 2.3 2.1 19.5 20.1 19.4 
47 3.3 3.1 3.1 21.7 23.1 23.0 
48 3.8 4.2 3.9 36.3 42.5 37.7 
t Significant difference (P s O.l) between the control and the mean of the two fertilized treatments. 
The two fertilized treatments differed only at Site 11 (P concentration). 
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according to this standard. Foliar fertilization increased grain yields only at one of these five sites (at 
Site 22) and did not increase leaf K concentrations at any of these sites. 
The fact that foliar fertilization seldom influenced leaf P and K concentrations probably is 
due to the small amount applied and that small changes would be difficult to detect. It was believed 
possible, however, that foliar fertilization could increase the nutrient content of the plants indirectly 
fertilization on plant P and K concentrations (Booteetal.. 1978; Parker and Boswell. 1980). 
Relationships between vield response and field characteristics 
The experiments were conducted under a wide variety of soil, weather, and management 
conditions. Study of yield responses at each trial in relation to management practices (Table I) 
showed no obvious general pattern that could explain the responses across all sites. Many varieties, 
soil types, tillage systems, and other practices overlapped across sites. The only apparent 
relationship observed was that all sites with positive responses in 1994 were managed with no-till or 
ridge-tillage and the site with negative responses was managed with conventional tillage. This result 
agrees with commonly observed nutritional problems with com and soybean planted with these 
systems. It is possible that foliar fertilization alleviated problems with early nutrient uptake, which 
often occur even in high testing soils managed with these systems. This trend was not observed in 
other years, however. 
Soil-test values and other continuous variables (such as rainfall, plant nutrient content, etc.) 
varied greatly across sites (Tables 1 and 2). For example soil organic matter ranged from 2.3 to 5.9 
% and soil pH ranged from 5.5 to 8.1 (alkaline pH of Iowa soils is due to calcium carbonate content). 
Most soils tested optimum to very high in soil-test P and K and, incidentally, the largest yield 
responses were observed on fields that tested optimum or very high in P and K (Sites 12 and 20). 
Optimum ranges for soybean according to Iowa State University soil test interpretations are 16-20 mg 
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P kg"' (Bray-I extractant) and 90-130 mg K. kg ' (ammonium acetate extractant). Another important 
observation for 1994 relates to the P concentration of small plants. Although there are no accepted 
standards to classify P sufficiency in soybean by tissue testing at this stage, the P concentration 
ranged from 0.27 to 0.54 % and the responsive sites tended to be in lower range. The P content of 
plants at this stage could be considered as an index of effective P availability for plants. This 
criterion suggests that high soil-test P often did not result in high plant P content. For example. Site 
20 showed the largest yield response and plant-P was in the low range but soil-test P was very high. 
Incidentally, Site 6 showed a negative yield response to all treatments and had the highest plant-P 
concentration and very high soil-test P. 
A study of the correlations between yield responses and measured continuous site variables 
provides a different evaluation of treatment effects from the conventional analysis of variance and 
direct observation of data. Table 5 show the simple correlations between absolute yield increases 
due to foliar fertilization and selected continuous variables. Data for variables that showed no 
correlation or did not add meaningful information was not included (for example, means of 
temperature and rainfall two or more months and during the week of the foliar spraying, planting 
date, days to reach the V5 stage, and others). The correlation coefficients showed that yield response 
sometimes was positively or negatively correlated with some measurements but most often 
correlations were not statistically significant. Analyses performed on the basis of relative yield 
increases, which eliminate possible distortions due to different yield levels across sites, produced 
similar correlation coefficients (not shown). Data in Table 5 also show that many of the site 
variables were intercorrelated. In some instances, these correlations seem logical but in others they 
are difficult to explain or seem absurd. Examples of expected intercorrelations of site variables are 
the intercorrelations between soil Ca, Mg, CEC, and organic matter. Examples of absurd or difficult 
to explain intercorrelations (probably random results for this set of data) are those between Ca, Mg, 
Table S. Simple correlations between yield response and various site variables across 48 sites.^ 
Variable» AY OM CEC Ca Me pit NO,- P K Mn Zn Fe Cu PI' PK LP i.K T4 T5 T6 T7 R4 R5 R6 
OM 0,17 
CEC 0.40 0.56 
Ca 0.32 0.67 0.93 
Mg 0.49 0.28 0.84 0.75 
pi I 0.10 0.44 0.26 0.53 0.13 
NO,-N -0.04 0,17 -0.40 -0.38 -0.50 -0.17 
P -0.12 -0,39 -0.27 -0.42 -0.24 -0.40 0.12 
K -0.02 -0.15 -0.04 -0.16 -0.06 -0.17 0.02 0.82 
Mn 0.06 -0.26 0.23 0,15 0.21 0.04 -0.22 0.30 0,22 
Zn -0.18 -0.17 -0.32 -0.31 -0,31 -0,05 0,22 0.61 0,51 0.08 
Fe -0,11 -0,39 -0.36 -0.52 -0.36 -0.54 0.38 0.68 0.33 0,30 0.58 
Cu -0.09 -0.69 -0.41 -0.58 -0.28 -0.60 0,06 0.63 0,49 0,22 0,30 0.57 
PP -0.43 -0.30 -0,42 -0.42 -0.41 -0.10 0.12 0,61 0.41 0.25 0.76 0,56 0,32 
PK -0.01 -0,14 -0,12 -0,21 -0.13 -0.13 0.11 0 68 0.69 0,43 0,59 0,52 0,22 0.55 
LP -0.34 -0,57 -0,33 -0,33 -0,16 -0,21 -0,14 0 44 0,20 0.34 0,37 0,34 0,45 0,62 0,26 
LK -0.21 -0.48 -0.24 -0.34 -0.18 -0.21 -0.17 0,66 0,61 0.52 0.54 0.48 0.50 0.60 0,66 0,45 
T4 -0,01 -0.52 -0.26 -0.32 -0.19 -0,28 0,14 0 31 0,07 0,29 0,25 0,36 0,42 0,14 0.08 0,28 0,33 
T5 0,05 -0,52 -0,24 -0,29 -0,16 -0.23 0.12 0.24 0.02 0.23 0.21 0,30 0,35 0,10 0,02 0,24 0,28 0,97 
T6 -0,12 -0,47 -0,45 -0,44 -0.40 -0,17 0,30 0 26 -0.01 0.14 0.25 0.34 0,36 0,21 0,01 0,25 0.23 0.93 0.93 
T7 -0,11 -0,40 -0,56 -0,50 -0,51 -0,08 0,37 0 15 -0.07 -0.19 0,19 0,22 0.27 0.14 -0.13 0.13 0.04 0.73 0.79 0.90 
R4 -0.25 -0.40 -0.49 -0.43 -0.38 -0.08 0.05 0 04 -0.00 -0.49 -0,09 -0,10 0.24 0.02 -0.24 0.16 -0.17 -0,04 0,05 0.15 0,47 
R5 -0,06 0.44 -0,26 -0,12 -0.37 0.27 0.39 -0 20 -0.13 -0,70 0,13 -0,09 -0,33 0,02 -0.17 -0.39 -0.38 -0.33 -0.27 -0.08 0.24 0.28 
R6 -0.09 -0.07 0,24 0,21 0,22 0,07 -0,18 0 05 -0.09 0.53 0.11 0.16 -0,07 0,25 0,13 0,30 0,26 0,33 0,32 0,28 0,01 -0,40 -0,28 
R7 -0,12 0,18 0,02 0.05 -0,00 0,19 0,02 -0.20 -0.21 -0.16 0,17 -0,03 -0,31 0,23 -0,04 0,11 -0,05 -0,12 -0,09 -0,06 -0,06 -0,23 0,34 0,34 
t A correlation coefficient greater than 0.27 (positive or negative) is statistically significant at the 0,05 probability level. 
I AY = yield increase; CEC = soil cation exchange capacity; PP and PK = P and K concentrations of plants at the V5 growth stage; LP and 
LK = P and K concentrations of trifoliolate leaves at the R2 growth stage, T4 to T7 = average monthly temperature from April to July; and 
R4 to R7 = monthly rainfall from April to July. 
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and CEC with temperature or rainfall in spring or summer. 
The correlation of yield response with any site variable or among site variables should be 
interpreted with caution mainly because of two reasons. One reason is that significant correlations 
could result from the correlation of a measured variable with a non measured variable that actually 
affected yield responses. The other reason is the likely intercorrelations between variables that the 
simple correlations do not address appropriately. Moreover, the intercorrelations between site 
variables and colinearity would complicate interpretation of any multiple regression model fit to 
relationships between the variables and yield response and statistical significance would likely be 
misleading. Multivariate analysis is a statistical tool that partly overcomes the limitations of simple 
correlations and multiple regression. Factor analysis is a particularly useful technique to describe the 
variation of many variables in terms of fewer groups of correlated variables. In turn, yield responses 
across sites can be correlated with new variables (i.e., latent variables) created in the basis of these 
groups. 
Factor analyses identified several groups of correlated site variables across all 48 sites (Table 
6). Only a group of variables that included soil Ca, Mg, CEC. and rainfall during April (latent 
variable 1), however, was significantly correlated with the yield response across sites. The responses 
were higher when the soil cations and CEC increased and rainfall in April decreased. A linear 
regression of yield response on the latent variable representing this group explained 14% of the 
variation in yield responses across sites. It is important to note that the correlation between rainfall 
in April and each soil cation was negative and significant (Table 5). Because of this correlation 
(most likely a random result), it is difficult to speculate on possible reasons for the relationship 
between the latent variable representing this group of site-variables and yield response. A reasonable 
conclusion could be that responses to foliar fertilization were more frequent for soils with high CEC 
when rainfall in early spring was low. This is difficult to explain, however, and cautious 
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Table 6. Results of factor analysis (selected variables with high factor loadings and latent variables) 
and correlations between yield response and latent variables across sites. 
Factort Correlation with response* 
Variable loading r P > F 
1994, 1995, and 1996 (48 sites) 
Latent variable 1: 0.37 0.01 
Ca 0.82 
Mg 0.71 
CEC 0.89 
Rainfall in April -0.71 
Latent variable 2: -0.19 0.20 
Soil test K 0.80 
Soil test P 0.86 
Plant P 0.52 
Plant K. 0.80 
LeafK 0.64 
Latent variable 3; -0.03 0.86 
Temperature in April 0.90 
Temperature in May 0.90 
Temperature in June 0.86 
Latent variable 4: 0.03 0.82 
Organic matter 0.58 
NO,-N 0.65 
Rainfall in May 0.64 
Latent variable 5 -0.13 0.38 
Rainfall in June 0.52 
Rainfall in July 0.69 
1994 and 1995 (38 sites) 
Latent variable 1: 0.39 0.02 
Ca 0.82 
Mg 0.83 
CEC 0.87 
Rainfall in April -0.78 
Rainfall in May -0.74 
Latent variable 2: -0.02 0.90 
Temperature in April 0.95 
Temperature in May 0.95 
Temperature in June 0.86 
Latent variable 3: -0.08 0.62 
Soil test P 0.84 
Soil test K 0.87 
Plant K 0.75 
LeafK 0.62 
Variable 4: -0.42 0.01 
Plant P 0.60 
LeafP 0.67 
Rainfall in July 0.61 
t See the Materials and Methods section for explanation of the criteria used to create the latent variables. 
X Correlation coefficient (r) and statistical significance of the correlation between each latent variable and 
absolute yield increases across sites. 
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interpretation is needed because of likely relationships between CEC (which represents mostly Ca 
and Mg) and other soil physical (texture and mineralogy) or chemical properties (pH, calcium 
carbonate content, organic matter, and others). 
Analyses were also performed by excluding the 1996 data because that year the trials were 
restricted to central and north-central areas of the state and this could explain the seemingly absurd 
correlations between rainfall and some soil tests. Many soils with high CEC, Ca. Mg, and pH were 
located in the north-central region. The results of factor analysis for the 38 trials conducted in 1994 
and 1995 (Table 6) showed that two groups of correlated site variables were significantly related to 
yield responses. One group (latent variable I) was very similar to that described for the 3-year 
analysis and included soil Ca, Mg, CEC, and rainfall during April and May. The other group (latent 
variable 4) included small-plant P concentration, leaf P concentration, and rainfall during July. A 
model with the two latent variables representing these two groups explained 23% of the variation in 
responses (not shown). Although an explanation of the effect of the first group of variables on 
responses is not straightforward, there is a reasonable and likely explanation for the effect of the 
second group because responses were higher when these variables were low. It is likely that drier 
topsoil during these months reduced P availability for soybean independently of the soil-test P value. 
This result agrees with observations of relatively lower plant P at the responsive sites. 
CONCLUSIONS 
Foliar fertilization of soybean at early stages increased grain yields significantly at seven 
sites, decreased yields at two sites, and increased yields by 54 kg ha"' across all 48 sites. These 
responses occurred even though most sites had soil and plant P and K contents that usually are 
considered optimum or above for soybean. Differences between fertilization treatments either were 
not statistically significant or inconsistent A single application of 28 L ha"' produced the highest 
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mean yield increase across the seven responsive sites (375 kg ha '). No simple set of measurements 
could be directly related with response to foliar fertilization. Results of multivariate analyses 
suggested that responses tended to occur in sites with high CEC, low plant P content and (or) low 
rainfall in spring and mid-summer compared with other sites. These variables explained only 14 to 
23% of the responses in different years, however, and the relationships between yield response and 
some of these variables have no straightforward explanation. Effective use of foliar fertilization of 
soybean at early growth stages in areas with predominantly high-testing soils requires further 
research to identify the conditions under which positive responses are more likely. 
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CHAPTER 3: EFFECT OF FOLIAR FERTILIZATION ON SOYBEAN GRAIN YIELD AND 
NUTRIENT COMPOSITION OF VEGETATIVE TISSUES 
A paper for submission to Agronomy Journal 
M.U. Haq and A.P. Mallarino 
Department of Agronomy, Iowa State University, Ames, lA 50011 
ABSTRACT 
The yield response of soybeans to foliar fertilization during reproductive stages has been 
inconsistent. Recent Iowa research showed a 20% probability of yield response to fertilization with 
various rates of 3-15-8 (N-P-K.) fertilizer applied at V5 to V6 growth stages. This study evaluated 
the effect of early season foliar applications of fertilizers varying in N, P, and K content on soybean 
grain yield and nutrient composition of vegetative tissues. Twenty-seven trials were conducted 
during 1995 and 1996. Treatments were a control and various rates and frequencies of application 
of commercially available 3-8-15. 10-4-8, and 8-0-7 liquid fertilizers. The fertilizers were sprayed at 
the V5 to V6 growth stage. Foliar fertilization increased yields at three sites, some treatments 
decreased yields at three other sites, and differences between treatments at responsive sites were 
inconsistent. Tlie mean yield increase or decrease for statistically significant sites was 400 kg ha '. 
The 3-8-15 fertilizer caused no leaf damaged and the other two fertilizers caused moderate leaf 
damage. Leaf damage was not obviously related to yield response, however, except for the high rate 
(56 L ha"') of 10-4-8. Foliar fertilization seldom influenced N, P, and K concentrations of mature 
trifoliolate leaves and whole-plant dry weight or N, P, or K. uptake sampled at the R2 stage. 
Multivariate and regression analyses of relationships between grain yields and numerous site 
variables showed that 27% of the variation in yield responses was explained by a complex 
combination of plant weight, N, P, and K uptake, and late-spring rainfall. Low values of these 
variables tended to be associated with higher yield responses. 
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INTRODUCTION 
Foliar fertilization of soybeans at reproductive stages has resulted in inconsistent grain yield 
increases. Garcia and Hanway (1976) reported yield increases of 27 to 31% when a liquid N-P-K.-S 
fertilizer was sprayed at late reproductive stages. These authors showed that root activity decreased 
during the period of pod-fill so that nutrient uptake was not enough to meet the plant and seed 
demands for nutrients. Other reports could not replicate these results and showed that most often 
foliar fertilization did not influence yields and sometimes decreased yields ( Boote et al.. 1978; 
Parker and Boswell, 1980: Syverud etal., 1980; Seasy and Shibles, 1980). 
Boote et al. (1978), showed no increase of soybean yields or seed numbers and noted slight 
burning and necrotic spots on the leaves when an N-P-K-S fertilizer was sprayed once a week for 
five weeks starting at beginning of the pod set stage. Leaf damage due to foliar application of N-P-
K-S was sufficiently severe in studies by Parker and Boswell (1980) to reduce soybean yields. 
Vasilas et al. (1980) observed a yield increase of 1045 kg ha"' in one year of a two-year study with 
foliar applications of N-P-K-S at the rate of 84-9-28-5 kg ha'. No significant yield increase was 
observed when N was not added. Modest yield increases from N additions were obtained by 
Syverud et al. (1980) but little effect of P-K-S was noted. Poole (1980), after conducting 16 
location-year trials with various varieties, concluded that soybean seed yields were increased only 
once. Yields usually were decreased when urea, ammonium nitrate, and ammonium polyphosphate 
were substituted for urea and potassium polyphosphate in an N-P-K-S formulation. A positive 
relationship between leaf injury and yield depression by the various materials was noted, especially 
when the materials were applied during midday rather than in early morning or late afternoon hours. 
Little research has been conducted on foliar fertilization of soybeans at early vegetative 
stages. Foliar fertilization at the early stages could increase plant nutrient supplies at a time when 
the root system is not well developed. Foliar application of small amounts of fertilizer will not 
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hamper N fixation and could boost plant development. Roselum et al. (1982) research failed to 
increase soybean yields, however, when two formulations of macronutrients (5-15-15 and 14-4-7) 
with or without micronutrients were sprayed at 45 and 60 days after seedling emergence. Recent 
Iowa research (Haq and Mallarino, 1998) showed that foliar fertilization with various rates of a 3-8-
15 fertilizer increased soybean grain yields at approximately at 20% of 48 trials and reduced yields 
slightly at 5% of the trials. Although no simple relationship between yield response and any single 
site-variable was found, soils at the responsive sites had higher cation exchange capacity (CEC) and 
higher Ca and Mg content, soybean vegetative tissue had lower plant P concentration, and rainfall in 
late spring to mid-summer was lower. Their results showed that responses as high as 700 kg ha-1 are 
possible, even in soils that test optimum or higher in P and K. 
The goal of this study was to further evaluate foliar fertilization of soybean at early growth 
stages by evaluating other fertilizers and conducting other measurements. The specific objectives 
were to assess the effect of early season foliar applications of fertilizers varying in N, P. and BC 
content on soybean grain yield and nutrient composition of vegetative tissues. 
MATERIALS AND IVIETHODS 
Twenty-seven foliar fertilization trials were established during 1995 and 1996 on farmers" 
fields in three major agricultural regions of Iowa (east, west, and north-central regions). The 
management practices, except the foliar fertilization, were those commonly used by the farmers. 
There were wide ranges of soybean varieties, soil types, tillage systems, planting dates, and other 
management practices. Summarized relevant information about soils, management practices, and 
weather is shown in Table 1. 
The treatments were a control, a single application of 28 L ha"' of 3-8-15 (N-P-K), 38 L ha"' 
of 3-8-15 split into two applications, singles applications of 28 and 56 L ha"' of 10-4-8, and a single 
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Table 1. Summarized information about the locations, foliar fertilization dates, and weather. 
Soil classificationt Prep Ian t:t Planting First Rainfall§ 
Year Site Location Series Great eroup TW fertilization Variety date sprav Ttt A M J 
1995 1 Gowrie Canisteo T. Hapludolls C none FC-201 May 24 June 30 
"C 
13 77 
-mm 
148 55 
2 Gowrie Canisteo T. Hapludolls C none FC-282 May 21 June 30 13 77 148 55 
3 Callender Webster T. Haplaquolls C 36-90-120 D-267 May 21 June 30 13 77 148 55 
4 Stratford Webster T. Haplaquolls R none S-2250 May 17 June 30 14 87 164 63 
5 Stratford Nicollet A. Hapludolls R none S-2250 May 20 June 30 14 87 164 63 
6 Wellman Ladoga M. Hapludalfs N none S-3630 May 6 June 29 14 166 135 66 
7 Wellman Ladoga M. Hapludalfs N none S-3630 .May 17 June 29 14 166 135 66 
8 Kalona Nevin A. Argiaquolls C none NK-3606 May 17 June 29 16 185 163 60 
9 Kalona Bremer T. Argiaquolls C none NK-3606 May 17 June 29 16 185 163 60 
10 Holland Tama T. Argiudolls R none Boone III May 26 July 3 13 103 112 142 
il •Audubon Marshall T. Hapludolls R 0-90-65 W-2840 May 22 July 6 14 127 129 41 
12 Audubon Marshall T. Hapludolls R none W-2840 May 22 July 6 14 127 129 41 
13 Audubon Marshall T. Hapludolls R none S-2250 May 25 July 1 14 127 129 41 
14 Audubon Marshall T. Hapludolls R none P-9273 May 25 July 1 14 127 129 41 
15 Manning Marshall T. Hapludolls N none SOl-3237 Vlay 22 July 1 14 127 129 41 
16 Manning Marshall T. Hapludolls N limed D-cx250b May 17 July 1 14 127 129 41 
17 Ames Clarion T. Hapludolls N none P-9273 June 4 July 8 14 134 no 101 
1995 18 Gowrie Harps T. Haplaquolls C none ICl-260 May 22 July 9 13 36 172 89 
19 Gowrie Canisteo T. Haplaquolls C none P-9281 May 22 July 9 13 36 172 89 
20 Harcourt Canisteo T. Haplaquolls C 36-92-120 D-252 May 21 July 9 13 36 172 89 
21 Stratford Webster T. Haplaquolls R none H-2250 May 21 July 9 14 38 143 87 
22 Stratford Nicollet A. Hapludolls R none H-2250 May 22 July 9 14 38 143 87 
23 Parkesburg Clyde T. Haplaquolls N 10-34-0 L-5248 May 14 July 9 13 36 133 57 
24 Parkersburg Kenyon T. Hapludolls N 10-34-0 L-5248 May 16 July 9 13 36 133 57 
25 Alden Harps T. Calciaquoll R none Pr-2440 May 21 July 9 13 36 133 57 
26 Ames Webster T. Haplaquolls N 18-46-61 P-9273 June 12 July 10 14 33 194 104 
27 Ames Webster T. Haplaquolls C 0-40-120 0-180 June 13 Julv 11 14 33 194 104 
t A = Aquic, M= Mollic, and T = Typic. t Soil fertilization for soybean (most farmers fertilized the 
previous com crop). § Monthly rainfall: A = April, M = May, J = July (rainfall in these months 
were correlated with yield response across sites). H TI = Tillage: C = chisel plow and R = ridge-till 
(76 to 97-cm row spacing), N = No-til! (19-cm row spacing). # D = Dekalb, H = Hill, L = Lynks, 
NK. = Northrup King, P = Pioneer, Pr = Prairie, O = Ottile, W = Wilson,. 
tt T = Average air temperature during May. 
29 
application of 42 L ha"' of 8-0-7. The fertilizers are commercially available. The 3-8-15 and 10-4-8 
are fluid fertilizers manufactured by reacting H3PO4 with aqueous ammonia and KOH and by adding 
urea. The 8-0-7 fertilizer is a fluid fertilizer manufactured by dissolving KNO3 into water. No other 
additives were used. The single applications or the first of the split treatments took place at the V5 
growth stage. The second application of the split treatments took place 8 to 10 days later. Each plot 
measured 12 m in length and 4.5 to 5.5 m in width depending on the row spacing. The foliar 
fertilizer was applied using a hand-held C02-powered sprayer adjusted at a constant pressure of 0.17 
ivtPa diluted into 100 L ha"' of water. The plots were sprayed during late afternoon or evening hours 
when wind speed was less than 15 km hr' and air temperature was less than 27 "C. 
One composite soil sample (10 cores, 0 to 15-cm depth) was collected before the foliar spray 
from each replication at each site. Samples were analyzed for pH. organic matter, and macro and 
micronutrients using routine soil-test methods (Table 2). Phosphorus was determined by the Bray-1 
method; K, Ca, and Mg by the ammonium acetate method; organic matter by loss of weight on 
ignition (LOI); and the micronutrients Fe, Zn, Cu, and Mn by the 0. IMHCl method. Cation 
exchange capacity was estimated by the sum of Ca, Mg (from the ammonium acetate extraction), and 
exchangeable H". Exchangeable H" was estimated from measurements of pH and buffer pH, the 
latter by the Shoemaker, McLean, and Pratt (SMP) method. All methods used are among those 
recommended for the North-Central region and procedures are described in the North Central 
Publication 221 (Brown, 1998). 
A composite sample of ten plants was randomly collected from each replication at each site 
before spraying at the V5 growth stage. Samples of trifoliolate leaves consisting of 30 uppermost 
fiilly expanded leaves were randomly collected at the R2 growth stage from plots corresponding to 
four selected treatments. The selected treatments were the control, the single 28-L rate, the split 38-
L rate of 3-8-15, and the single 56-L rate of 10-4-8. Whole plants (8 plants per plot) were sampled 
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Table 2. Soil and small-plant analysis for selected nutrients. 
Soil analysis Plant analysis 
OM CECt PH NO,-N P K Fe Mn Zn Cu N P K 
Year Site % gkg"' ppm 
1995 I 5.0 31 8.0 10 13 136 8 26 2.0 0.7 35.0 3.1 23.9 
2 5.1 30 8.1 11 13 158 10 36 2.0 0.6 40.4 J.J 24.5 
3 5.2 26 6.2 20 81 241 25 16 5.0 1.0 43.5 4.0 27.5 
4 4.1 23 6.0 11 13 89 24 13 1.5 1.1 42.2 3.0 17.2 
5 4.3 23 6.2 11 114 373 jj 17 4.4 1.4 37.4 4.2 31.8 
6 3.6 17 6.8 12 71 269 19 15 4.6 1.5 39.6 4.0 24.4 
7 2.8 12 6.9 14 75 321 17 11 6.2 1.4 43.3 4.2 32.6 
8 2.3 11 6.4 13 66 138 29 15 3.4 1.4 40.5 4.1 25.0 
9 2.7 13 6.5 12 58 106 21 14 2.7 1.4 40.1 3.9 17.5 
10 3.4 17 6.8 11 27 125 11 15 2.2 1.2 40.6 3.8 22.0 
n 3.1 17 6.6 11 22 126 14 13 2.1 1.7 42.8 3.6 21.2 
12 3.2 15 6.3 12 46 232 19 11 2.7 2.4 35.1 3.2 24.2 
13 3.4 16 6.3 12 22 128 13 10 1.6 1.2 36.4 3.0 18.3 
14 3.2 17 5.7 17 125 377 41 26 5.7 2.3 42.8 4.2 28.2 
15 3.5 16 5.5 16 23 142 19 13 1.6 1.4 39.2 3.2 23.6 
16 3.1 19 7.0 11 49 224 29 21 3.7 1.9 37.9 3.4 22.7 
17 2.3 15 6.7 10 19 90 13 13 2.4 1.2 42.0 4.0 19.7 
1996 18 5.9 31 7.9 11 6 171 6 21 1.4 0.5 41.5 3.1 21.6 
19 5.2 32 7.8 11 13 163 8 24 1.7 0.6 34.8 3.6 24.0 
20 5.5 28 7.5 11 24 182 9 36 2.3 0.5 39.6 3.8 27.0 
21 4.8 24 6.3 13 41 148 11 10 3.4 3.0 38.0 J.J 21.0 
22 4.5 23 5.5 20 35 126 JJ 11 2.2 1.7 37.6 3.1 18.1 
23 4.6 18 6.6 22 42 184 18 16 J.2 0.8 38.3 3.5 27.0 
24 4.4 18 6.4 21 27 137 13 13 2.8 0.7 36.4 3.4 25.3 
25 5.9 28 8.1 18 10 122 5 21 1.6 0.3 43.6 3.2 22.4 
26 4.1 21 5.8 14 45 156 31 12 2.4 1.2 39.2 3.5 27.6 
27 4.1 19 6.8 15 121 375 53 15 19.9 1.4 44.4 5.4 37.7 
fCEC = Cation exchange capacity (meq 100 g"'). 
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randomly from the same treatments at the same growth stage, although sampling was avoided from 
the two center rows that would be used for grain harvest. The plant samples were dried in an air-
forced oven at 65 °C and ground to pass a 2-mm screen. For total N, P, and fC determinations, 
samples were dry-ashed, dissolved in 0. IM HCl, N was determined by Carlo Erba C analyzer, P was 
determined colorimetrically, and K was determined by emission. The nutrient concentrations of 
whole plants were used to calculate total N, P, and N uptake per plant. 
Visual ratings of potential leaf bums due to the first fertilizer application were collected at 
the time of second application. The leaf damage was expressed as the percentage of leaf area 
damaged. Potential treatment effects on duration of leaf area were estimated by visual ratings of the 
proportion of green and yellow leaves before leaf drops began by at least two independent 
evaluators. To measure grain yields, 9 m length of the center two rows (or a l-m swath in no-till 
fields) was cut with a sickle-bar mower and the grain was threshed with a stationary thresher. The 
threshed grain was weighed and a sample was collected to estimate grain moisture and weight of 
individual grains. Grain yields were adjusted to 13% moisture. 
The experiments were conducted using a randomized complete-block design with four 
replications. Analyses of variance (SAS Institute, 1996) were conducted for each site, over sites 
within each year, and over the 27 sites. The treatment sum of squares was partitioned into an 
orthogonal contrast of the control vs. fertilized treatments. Means were further compared by LSD {P 
< 0.05 and 0.1) when the treatment main effect or the control verses fertilized contrast were 
significant (P < 0.1). Simple correlation and multivariate factor analyses were used to study the 
relationships between continuous site variables and yield responses across sites. The yield increase 
was the index of yield response used, which was calculated by subtracting the mean yield of the 
control treatment from the mean yield of all fertilizer treatments except the 56-L rate of 10-4-8 at 
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each trial. This treatment was excluded because it tended to decrease yield at several sites Groups 
of correlated site-variables across sites were defined using factor analysis (Johnson and Wichem. 
1992). Factor analysis has been used before to study relationships between yields and correlated site 
variables (Mallarino et al., 1996). Factors were extracted with the principal factor procedure and the 
Promax rotation method (SAS Inc.. 1996). New variables (called latent variables) were created for 
each site by standardizing and averaging selected variables from each factor for which the 
eigenvalues of the correlation matrix were one or greater. The basis for selecting variables from 
each factor was in the size of partial correlation coefficients that often are referred to as factor 
loadings. Simple and multiple regression equations were fit to relationships between yield increases 
and the latent variables across sites. 
RESULTS AND DISCUSSION 
Foliar fertilization effects on grain yields. 
Study of grain yield responses at each trial showed that foliar fertilization effects on grain 
yields were usually small and infrequent (Table 3). Analyses of variance for each site show 
significant responses at five sites in 1995 and one site in 1996 (Sites 1. 7. 8, 9. 17, and 24). At Site 1. 
all treatments increased yield except the 56-L rate of 10-4-8 fertilizer. There was an average positive 
response of 403 kg ha"'. At Site 7, there was a negative overall response and differences among 
fertilized treatments were not significant. At Site 8, there was a negative response to most treatments 
except to the split 38-L rate of 3-8-15, in which the response was positive but not statistically 
different from the control. At Site 9, there were positive responses to the three treatments that 
included low nutrient rates (28 L of 3-8-15, 28 L of 10-4-8, and 42 L of 8-0-7). Yields for the two 
treatments applying the highest rates (the split 38-L rate of 3-8-15 and the 56-L rate of 10-4-8) did 
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Table 3. Effects of foliar fertilization on grain yields of soybean at 27 sites conducted in 1995 and 
1996. 
Treatment and Grain Yield 
3-8-15 10-4-8 8-0-7 Statisticsf 
Year Site code 
1995 
28 L 19+19 L 56 L 28 L 42 L TRT C vs. F LSDa.os LSDo, 
1996 
kg ha"' — P > F  - kg ha —• 
1 2622 2956 3255 2683 3113 3108 0.02 0.01 351 288 
2 3947 3852 3951 4030 4111 3954 0.99 0.93 - -
3 4365 4666 4420 4450 4195 4438 0.85 0.92 - -
4 3267 3449 3449 3438 3543 3197 0.79 0.52 - -
5 3281 3511 3489 3153 3093 3050 0.42 0.81 - -
6 3312 2943 3204 3036 3230 3046 0.79 0.34 - -
7 3084 2848 2735 2866 2775 2748 0.13 0.10 263 215 
8 3779 3259 3815 3497 2716 3252 0.02 0.01 492 405 
9 3820 4199 3601 3862 4099 4134 0.03 0.17 323 264 
10 3425 3476 3407 3525 3476 3272 0.46 0.96 - -
11 3026 3284 3144 3200 3210 3304 0.86 0.31 - -
12 2735 2888 2835 2831 2824 2778 0.98 0.59 - -
13 3019 2931 2805 2654 2737 2622 0.70 0.19 - -
14 3323 3271 3272 3368 3329 3294 0.99 0.91 - -
15 3079 3180 2970 3217 3118 3276 0.75 0.71 - -
16 2691 2953 2822 2690 2549 2790 0.13 0.52 - -
17 3044 2757 2926 2784 2945 2748 0.33 0.09 329 271 
Means 3283 3319 3300 3252 3239 3236 0.86 0.97 - -
18 2426 2343 2656 2793 2503 2319 0.74 0.73 - -
19 3499 3683 3717 3435 3766 3396 0.46 0.57 - -
20 3503 3250 3331 3474 3456 3298 0.21 0.14 - -
21 3327 3384 3331 3466 3325 3425 0.83 0.57 - -
22 3229 3312 3266 3329 3122 3364 0.82 0.73 - -
23 3034 3165 3230 2971 3034 2976 0.95 0.87 - -
24 2665 2648 2809 2741 3138 2983 0.03 0.09 303 213 
25 2611 2782 2751 2862 2855 2654 0.74 0.28 - -
26 3523 3511 3671 3569 3713 3712 0.93 0.58 - -
27 3591 3611 3579 3659 3558 3667 0.95 0.82 - -
Means 3141 3169 3234 3230 3247 3179 0.93 0.44 - -
• means 3230 3263 3276 3244 3242 3215 0.75 0.63 . -
t TRT= treatment main effect, C vs. F= controls vs. fertilized treatments. 
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not differ from the control. The average response was about 250 kg ha"' when these two treatments 
were excluded. At Site 17. there was no fertilization effect on yields when the split 38-L of 3-8-15 
and the 28-L of 10-4-8 fertilizers were used but other treatments decreased yields slightly (38 L of 3-
8-15, 56 L of 10-4-8. and 42 L of 8-0-7). The yield response across all sites conducted in 1995 was 
not statistically significant and the average yield increased due to fertilization was essentially zero. 
At Site 24 (in 1996) the 28-L rate of 10-4-8 fertilizer (the low rate) and the 42-L rate of 8-0-7 
fertilizer increased yields and other treatments did not differ from the control. The average response 
to these two treatments was about 400 kg ha"'. The yield response across all 1996 sites was not 
statistically significant and the average yield increase due to fertilization was about 70 kg ha"'. Foliar 
fertilization did not affect soybean yield significantly when data from all 27 sites were combined. 
The infrequent positive yield responses could be partly explained by the mostly optimum or 
above-optimum P and K supplies of the soils. Only six sites tested low in P (Sites 1, 2, 4, 18. 19, and 
26) and only two sites (Sites 4 and 17) tested low in K according to Iowa State University soil test 
interpretations (Table 2). These are the only sites that should have received higher than maintenance 
P or K fertilization according to current Iowa State University recommendations for soybean. Soil 
tests varied at sites where yield responses were observed. At Site I, P was low and K. was high. At 
Site 9, P was very high and K was optimum, and at Site 24 both P and fC were high. The 
predominance of high-testing soils in this study coincides with the distribution of soil-test values of 
major agricultural areas of Iowa. No attempt was made to select low-testing soils because high-
testing soils predominate in Iowa and the Com Belt and because foliar fertilization cannot substitute 
for the less expensive soil fertilization. 
The inconsistent differences between treatments could not be explained by study of site 
characteristics. Mostl treatments increased yields at Site 1 (which tested low in soil P), even the 
treatment with 8-0-7 that applied no P. There were positive responses to most treatments in Sites 9 
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and 24 even though P and K were optimum or high. The high rate of 10-4-8 produced significant 
salt-induced leaf damage ("burning") at several sites (Table 4), more than other fertilizers, probably 
due to a higher amount of N applied. Although this leaf damage could explain the usually lower 
yields to this treatment, many treatments that did not produce bums also decreased yields slightly at 
Site 8. A reasonable overall conclusion is that differences between treatments at responsive sites 
(either positive or negative) were inconsistent, although the 56-L rate of 10-4-8 either did not affect 
or decreased yields. 
Foliar fertilization effects on weight of grains, and plant maturity rating. 
The weight of a known number of grains as affected by fertilization is an index of 
fertilization effects on the size and weight of the grains, and would help explain if responses are due 
to increased seed numbers or grain weight. Observations of the data and statistical analyses showed 
that foliar fertilization did not affect the specific weight of grains at any site and no data are shown. 
This result suggests that responsive trends observed for yields were mostly the result of fertilization 
effects on seed numbers. Foliar fertilization did not affect the maturity of the soybean plants at any 
site (data not shown) which was evaluated as the proportion of yellow and green leaves in the fall. 
Foliar fertilization effects on plant nutrient content 
The foliar treatments usually did not affect the N, P, and K content of the top mature 
trifoliolate leaves sampled at the R2 growth stage (Table 5). These are the plant parts and growth 
stages that are most frequently used to diagnose nutrient status of soybean. Nitrogen concentration 
of trifoliolate leaves was increased by all treatments at Sites 6, 8, 18, and 20 and decreased by all 
treatments at Site 23. Some treatments increase or decrease N concentration at Sites 7, 9, and 25, the 
change in N concentration was inconsistent. All treatments increased P concentration at Site 18, 
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Table 4. Leaf bum damage measured 7-9 days after the first spray at 27 trials. 
3-8-15 10-4-8 8-0-7 
Site ^ 0 28 19+19 56 28 42 
Leaf area damaged (%) 
1 0 0 0 3 1 <1 
2 0 0 0 4 1 <1 
J 0 0 0 6 1 <1 
4 0 0 0 3 <1 <1 
5 0 0 0 2 0 0 
6 0 h h h h 
7 0 0 0 5 1 <1 
8 0 0 0 5 2 <1 
9 0 <1 <1 5 1 1 
10 0 0 0 2 <1 0 
11 0 0 0 0 0 0 
12 0 0 0 0 0 0 
13 0 0 0 2 <1 0 
14 0 0 0 2 <1 0 
15 0 0 h h h h 
16 0 0 h h h h 
17 0 0 0 0 0 0 
18 0 0 0 5 1 1 
19 0 0 1 4 1 2 
20 0 2 2 10 2 5 
21 0 0 <1 3 1 1 
22 0 0 1 5 2 2 
23 0 0 0 2 0 0 
24 0 0 <1 J <1 <1 
25 0 0 <1 2 <1 <1 
26 0 0 0 <1 0 0 
27 <1 1 2 2 1 1 
t h = major leaf damage due to postemergence herbicide masked any fertilizer-induced damage. 
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Table 5. Total N. P. and K concentrations of trifoliolate leaves for selected treatments of 27 trials. 
Nutrient Analyzed and Treatment 
Leaf N Leaf P Leaf K 
Site 0 
3-8- 15 10-4-8 
0 
3-8-15 10-4-8 
0 
3-8-15 10-4-8 
19+19 L 28 L 56 L 19+19 L 28 L 56 L 19+19 L 28 L 56 L 
I 39.0 42.6 44.4 38.7 2.5 2.4 2.5 2.3 15.8 16.4 15.9 15.8 
2 39.5 43.3 41.8 45.6 2.6 2.6 2.7 2.7 19.4 20.8 17.7 17.4 
3 48.0 47.4 45.9 46.9 3.2 3.2 3.3 3.2 30.0 27.8 28.1 30.4 
4 38.1 41.3 38.2 38.0 2.2 2.2 2.0 2.0 10.0 8.9 9.1 8.1t 
5 39.8 37.1 41.0 39.0 2.9 3.0 3.0 3.0 35.1 30.3 32.1 36.1 
6 37.6 40.6 44.6 40.6t 3.4 3.3 3.5 3.5 26.6 28.3 26.1 29.8 
7 45.4 44.5 47.6 41.9t 3.7 3.7 3.7 3.7 35.9 35.7 37.3 35.6 
8 39.7 42.6 45.7 47.3t 3.7 3.5 3.6 3.6 23.3 23.5 20.4 21.6 
9 45.4 48.8 49.7 44.4t 4.3 4.3 4.4 4.2 13.4 15.4 14.7 14.1 
ID 47.3 45.4 47.7 47.0 4.3 4.5 4.5 4.5 20.6 21.2 19.5 20.0 
11 43.5 46.7 44.3 43.9 3.9 3.9 4.0 3.9 20.9 23.0 23.3 22.2 
12 46.1 44.7 45.2 47.2 3.3 3.0 3.2 3.4 23.8 24.9 24.5 25.6 
13 49.7 49.8 45.9 44.7 3.2 3.2 3.2 3.1 21.0 20.5 21.2 20.5 
14 46.0 45.9 43.9 46.4 3.7 3.5 3.5 3.6t 27.9 27.9 26.5 27.3 
15 39.4 41.8 43.6 39.7 2.6 2.8 2.7 2.6 23.7 22.5 25.6 24.0 
16 47.2 49.2 45.2 45.9 3.4 J.J 3.4 3.5 26.3 25.6 26.4 25.8 
17 47.3 48.7 48.8 51.5 3.6 3.5 3.6 3.5 25.8 21.4 24.1 26.5 
18 34.0 34.9 38.8 40.2t 2.0 2.1 2.1 2.2t 12.8 15.3 14.3 16.1 
19 42.6 43.4 38.4 40.7 2.7 2.8 2.7 2.5 20.1 19.9 20.6 21.9 
20 41.8 49.4 42.3 48.4t 3.0 2.8 2.8 3.1 23.2 26.6 22.1 26.0 
21 45.0 47.0 50.3 45.5 3.4 3.5 3.5 3.4 20.5 22.5 22.7 21.1 
22 40.3 38.2 42.0 43.1 3.1 2.9 2.9 2.9t 21.9 22.8 20.4 18.2 
23 48.5 46.7 43.8 45.4t 3.1 3.1 3.2 3.1 24.1 25.4 24.5 25.9 
24 43.6 42.8 39.7 41.3 2.4 2.6 2.4 2.4 16.8 17.5 16.5 16.7 
25 41.1 44.0 38.6 42.2t 2.2 2.3 2.1 2.4 19.5 20.1 19.4 21.2 
26 44.6 45.9 42.6 42.7 •% "» J.J 3.1 3.1 3.3 21.7 23.1 23.0 22.6 
27 46.5 47.4 46.7 46.4 3.8 4.2 3.9 4.0 36.0 42.5 37.7 41.7 
t Significant differences between treatments {P < 0.10). 
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decreased it at Site 14 and 22. and treatment effects were inconsistent at Site 15. All treatments 
decreased K. concentration at Site 4 and other apparent differences at some sites were not 
statistically significant. Differences were small in all instances. 
The N concentration of control treatments ranged from 34 mg kg*' to 49.7 mg kg"' across 
sites. Results of many studies summarized by deMooy et al. (1973) showed that N concentrations 
lower than 41 mg kg"' are usually deficient and that concentrations 42 to 55 mg kg ' are sufficient for 
optimum soybean yield. Nine sites (Sites 1. 2.4, 5, 6, 8, 15. 18. and 25) tested low according to this 
criterion. Foliar fertilization seldom increased grain yields or leaf N concentrations at these sites. 
The responses in grain yield were positive only at Site 1 and the responses in leaf N was positive 
only at Sites 6. 8, and 18. 
Leaf P concentrations for the control treatment ranged from 22 to 43 mg kg"' across sites. 
Data summarized by deMooy et al. (1973) suggest that leaf P concentrations lower than 0.25 mg kg ' 
usually are deficient and that concentrations of 26 to 50 mg kg ' usually are sufficient for optimum 
soybean yields. Only three sites (Sites 4, 18. and 25) tested low according to this standard. Foliar 
fertilization increased leaf P concentration at Site 18 but had no effect on grain yield at any of these 
sites. The leaf K concentration for the control ranged from 10 to 36 mg kg"' across sites. Sufficient 
levels of leaf Kcited by deMooy etal. (1973) range from 17 to 25 mg kg"'. Only five sites (Sites 1. 
4, 9, 18, and 24) tested low according to this standard. Foliar fertilization increased grain yields only 
at one of these five sites (Site 9) and did not increase leaf K concentrations at any of these sites. 
The treatments seldom influenced the dry weight and N, P, or K uptake of whole plants 
sampled from selected treatments at the R2 growth stage (Table 6). Fertilization effects on whole-
plant nutrient concentrations are not shown or discussed because the general trends were similar to 
those found for trifoliolate leaves and they could be calculated from the weight and uptake data. 
Analyses of variance for each site showed that the split application of 38 L ha ' of 3-8-15 increased 
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Table 6. Plant dry weight and total N, P, and K. uptake at the R2 growth stage for selected 
treatments. 
Measurement and Treatment 
Site 0 
Dry weight 
3-8-15 [0-4-8 
0 
N uptake 
3-8-15 10-4-8 
0 
P uptake 
3-8-15 10-4-8 
0 
EC uptake 
3-8-15 IO-4-i 
38 L 19+19 L 56 L 19+19 L28L 56 L 19+19 L28L 56 L 19+19 L28 L 56 L 
Si 
1 6.5 6.2 6.1 6.5 211 221 213 210 19 17 18 19 122 107 108 139 
2 lO.I lO.O 10.0 8.6t 365 348 339 299t 29 30 30 26t 222 227 220 182 
3 12.1 12.7 I2.I 10.8 453 458 419 398 43 45 43 37 299 317 346 278 
4 6.8 6.9 6.8 7.2 217 215 201 223 17 18 16 17 87 82 68 79t 
5 7.1 6.4 7.2 7.4 232 218 232 255 23 21 23 26 249 213 240 286 
6 7.0 6.9 8.2 8.3 254 234 263 294 25 25 30 31 227 236 295 300 
7 11.4 10.4 10.5 10.6 366 376 351 376 39 36 36 36 432 361 348 365t 
8 11.8 12.8 11.4 11.8 384 432 383 398 42 43 39 40 269 301 229 276 
9 10.2 10.3 10.0 11.0 329 358 370 382 34 34 34 36 165 164 166 169 
10 4.9 5.6 4.4 4.9 175 196 159 179 15 19 14 16t 81 88 70 84 
II 6.1 5.2 6.3 5.3 214 180 202 186 18 15 19 I6t 146 147 163 120 
12 5.5 5.1 4.8 4.9 208 186 167 184 18 17 16 16 176 178 173 162 
13 9.5 9.0 8.9 7.5 358 316 310 287 32 29 28 24t 269 222 229 196 
14 12.8 11.7 12.0 12.7 437 398 403 428 51 44 45 49 535 509 469 516 
15 8.3 7.7 7.6 8.1 246 245 237 246 21 20 18 20 269 264 257 246 
16 8.5 8.0 8.9 8.8 298 264 294 289 28 25 29 27 289 268 306 291 
17 7.3 8.1 7.4 7.6 255 315 297 282t 25 28 25 24t 188 177 170 171 
18 6.9 8.2 7.1 7.6 233 263 224 251 16 20 16 18 115 143 134 149 
19 8.9 8.4 8.2 8.5 281 306 239 256t 23 22 20 21 227 195 177 197t 
20 10.8 12.8 lO.O I0.8t 338 444 311 349t 28 34 25 29t 275 319 232 273t 
21 7.7 8.2 8.4 8.3 251 305 300 273 22 24 23 24 155 160 156 164 
22 10.0 8.5 9.9 8.1 319 272 261 23 8t 27 22 26 20 164 146 176 132 
23 I I . I  10.7 10.8 9.2 397 417 422 368 34 33 35 27t 251 259 277 227 
24 7.4 7.1 8.7 7.6 252 278 297 268 19 19 22 19 128 137 139 130 
25 9.6 9.3 8.9 9.2 331 342 296 3 1 1  17 18 17 19 175 175 169 173 
26 10.6 8.9 8.3 9.1 351 354 270 316 35 32 27 30 281 274 2 1 9  269 
27 9.7 9.7 9.8 7.8t 371 367 386 299t 40 42 42 3 I t  377 407 405 307t 
t Significant differences between treatments ( P < 0.10). 
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plant weight at Site 20 and the 56-L rate of 10-4-8 decreased plant weight at Sites 2 and 27. No 
effect was statistically significant across all sites. Foliar fertilization effects on nutrient uptake were 
consistent with effects on plant weight at Sites 2, 20, and 27. Treatments that increased or reduced 
growth also increased or reduced nutrient uptake. Isolated significant effects on nutrient uptake at 
other sites were not consistent with effects on plant growth and there is no obvious explanation for 
the responses. No site in which foliar fertilization influenced growth or nutrient uptake coincided 
with sites in which it increased or decreased yields. 
The results that foliar fertilization seldom influenced leaf N, P and K concentrations 
probably is due to the small amount applied and that small changes would be difficult to detect. 
Other researchers reported small or no effects of foliar fertilization applied at reproductive stages on 
plant P and K concentrations (Boote et al., 1978; Parker and Boswell, 1980). It was believed 
possible, however, that the foliar fertilization at early stages used in this study, could increase plant 
dry weight and nutrient uptake. Although fertilization increased or decreased growth and nutrient 
uptake at a few sites, results of analyses of variance indicated that grain yields were not significantly 
affected. This observation suggests that yield responses could not be explained solely on the basis of 
effects in nutrient concentration or uptake. 
Relationships between vield responses and site variables. 
Study of treatment effects on yield responses, plant growth, or nutrient content of plants 
suggested that foliar fertilization effects were unfi-equent and inconsistent across sites. These 
conclusions are based on simple analyses that included analyses of variance for each site or over 
sites and on observation of several measurements (response variables or site characteristics). These 
analyses, although valid and useful, do not consider or evaluate relationships between response to 
treatments and several measured site-variables. The experiments were conducted under a wide 
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variety of soil, weather, and management conditions. Study of yield responses at each trial in 
relation to management practices (Table I) showed no obvious general pattern that could explain the 
responses across all sites. Many varieties, soil types, tillage systems, and other practices overlapped 
across sites. Soil-test values and other continuous variables (such as rainfall, plant nutrient content, 
etc.) varied greatly across sites (Tables I and 2). 
The study of the correlations between yield responses and measured continuous site variables 
provides a different evaluation of treatment effects from the conventional analysis of variance and 
direct observation of data. Table 7 show the simple correlations between absolute yield increases 
due to foliar fertilization and selected continuous variables. Data collected were averages for each 
site. Data for variables that showed no correlation or did not add meaningful information were not 
included. The correlation coefficients showed that yield response sometimes was positively or 
negatively correlated with some measurements but most often correlations were not statistically 
significant. Analyses based on relative yield increases, which eliminate possible distortions due to 
different yield levels across sites, produced similar correlation coefficients (not shovra). Data in 
Table 7 also show that many site variables were intercorrelated. In some instances, these correlations 
seem logical but in others they are difficult to explain or seem absurd. Examples of expected 
intercorrelations of site variables are the intercorrelations between soil Ca, Mg, CEC, and organic 
matter. Good examples of absurd or difficult to explain intercorrelations (probably random results 
for this set of data) are those between Ca, Mg, and CEC with air temperature in spring or summer. 
The simple correlations between yield response and any site variable or among site-variables 
should be interpreted with caution mainly because of two reasons. One reason is that significant 
correlations could be the result of the correlation of a measured variable with a nonmeasured variable 
that actually affected yield responses. The other reason is the likely intercorrelations between 
variables that the simple correlations do not address appropriately. Moreover, the intercorrelations 
Table 7. Simple correlations among relative yield response and various site-variables across 27 trials.^ 
Variablel: AY OM CEC Ca Mg pll N03 B1 K Mn Zn Fc Cu PN PP PK LN LP LK DW NU PU KU T4 T5 T6 T7 R4 R5 R6 
OM 0.42 
CEC 0.47 0.91 
Ca 0.42 0.88 0.96 
Mg 0.49 0.59 0.72 0,63 
pH 0.19 0.49 0.59 0.76 0.27 
N03 0.07 0,22 -0.11 -0.20 -0,20 -0.38 
BIP -0.29-0.31 -0.37 -0.43 -0.29 -0,41 0,27 
K -0.22-0,06 -0.11 -0,15 -0,07 -0,12 0,16 0.87 
Mn 0.14 0,49 0,62 0,67 0,28 0,65 -0,22 -0,13 0,10 
Zn 
1-e 
-0,15-0,10 -0,18 
-0 16-0,34 -0.35 
0,18 -0.16 
0.48 -0.27 
-0,08 0,18 
-0,58 0.27 
0,71 
0,81 
0,68 
0,61 
-0,09 
-0,22 (1,69 
Cu -0.20-0,72 -0,65 0,72 -0,34 -0.64 -0.03 0.54 0,41 -0,38 0,23 0,61 
I'N -0.30-0,10 -0,15 0.12 -0,41 0.00 0.11 0.29 0,21 0,00 (1,40 0.26 0.00 
I'P -0,38-0,32 -0,34 0.33 -0.28 -O.ll 0.07 0.79 0,66 -0,03 (1.82 0,62 0.26 0,49 
PK -0,15 0,08 -0,03 0,05 -0,10 0.04 0.26 0.69 0,82 0,16 (1.73 0,49 0.07 0,23 0,70 
LN -0.13-0,37 -0,45 0,43 -0.29 -0.28 0,20 0,27 0,13 -0,29 0.26 0.20 0,30 0.02 0.29 0.14 
LP -0.37-0,70 -0.67 0.64 -0.46 -0,33 -0,10 0,49 0,21 -0,31 0.36 0.37 0,36 0.25 0.60 0.14 0.60 
LK -0,45-0,25 -0.31 0,33 -0,29 -0.21 0.20 0.76 0,80 -0,10 0,64 0.55 0,39 0.25 0,71 0.77 0,37 0.40 
DW -0.37 0.03 -0.07 0,10 -0,38 -0.13 0.50 0.40 0,27 0,23 0,23 0.37 -0.02 0.31 0,31 0,35 0.24 0.15 0.33 
NU -0.38 0,03 -0.09 0.10 -0.38 -0,10 0,50 0.46 0,34 0,20 0,34 0.41 0.01 0,36 0.37 0,38 0,36 0 19 0.39 0.96 
PU -0.45-0.29 -0.33 0.37 -0,43 -0,31 0,35 0.70 0,50 0.05 0,48 0.62 0,31 0,34 0.59 0.48 0.41 0.45 0.53 0.87 0.90 
KU -0.44-0.24 -0.28 0,31 -0.38 -0,22 0.26 0.71 0,74 0.15 0,52 0.57 0.38 0.31 0.57 0.66 0.34 0.31 0.73 0.73 0.74 0.84 
T4 -0.30-0.58 -0,56 0.53 -0.52 -0,39 -0,03 0.30 -0,09 -0.36 0,17 0.43 0.39 0.08 029 -0.11 0.08 0.51 -0,02 0.29 0.22 0,40 0,13 
T5 -0,28-0,60 -0,57 0.51 -0.55 -0.28 -0.06 0.27 -0.14 -0.29 0,09 0,32 0.30 0.12 0.30 -0.14 0.05 0.51 -0,06 0.27 0.21 0,39 0,06 0.94 
16 -0,33-0,56 -0,53 0,46 -0.50 -0.19 -0.09 0.23 -0.14 -0.22 0,02 0.21 0.25 0.09 0.27 -0.16 -0.02 0.49 -0,10 0.26 0.18 0,35 0,03 0.90 0.98 
17 -0.30-0,67 -0,57 0,50 -0.51 -0,18 -0.22 0,23 -0,11 -0,16 -0.04 0,18 0,35 O.ll 0.24 -0.18 0.03 0.50 -0.06 0.19 0.15 0.35 0.07 0.79 0.92 0.94 
R4 -0,43-0,83 -0,72 0.64 -0,55 -0,23 -0,32 0,25 0,07 -0,25 -0.07 0.10 0.57 0.14 0.20 -0.16 0.11 0.53 0.16 0.00 0.00 0.25 0.21 0.47 0.60 0.63 0.81 
R5 0.07 0,37 0,38 0.34 0.22 0,11 -0,06 0,20 0 18 0.20 0,35 0.34 -0.26 0,05 0.26 0.36 -0.33 -0.16 -0.02 0.27 0.22 0.22 O.ll 0.28 0.18 0.16 -0.01 -0.39 
R6 -0,15 0,28 0,32 0.32 0.20 0,21 -0,04 0,00 -0,11 0.13 0,09 -0.04 -0,35 0,01 0.16 0.01 -0.32 0.07 -O.ll 0.25 0.16 0.16 -0.12 0.30 0.29 0.35 0,13 -0,19 0.55 
R7 -0.15 0,14 0,16 0.14 0.15 0,11 -0.16 -0,07 -0,10 •0.05 0,19 -0.01 -0,27 0.14 0.29 0.09 0.03 0.24 0.01 -0.18 -0.19 -0,14 -0,22 -0.05 -0.10 -0.09 -0.26 -0,37 0.27 0.49 
t A correlation coefficient greater than 0.36 (positive or negative) is statistically significant at the 0.05 probability level (n = 27). 
t AY = yield response excluding 56 L ha"' treatment of 10-4-8 fertilizer; CEC = soil cation exchange capacity; PN, PP, and PK = small-plant 
N, P, and K concentrations; LN, LP, and LK = trifoliolate leaf N, P, and K concentrations at full bloom; DW = total plant dry weight at full 
bloom; NU, PU, and KU = whole-plant total and K uptake at full bloom; T4 to T7 = average monthly temperature from April to July; and R4 
to R7 = monthly rainfall from April to July. 
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between site variables and colinearity would complicate interpretation of any multiple regression 
model fit to relationships between the site-variables and yield response. These problems can partly 
be overcome by using multivariate analysis. Factor analysis is a particularly usefiil technique to 
describe the variation of many variables in terms of fewer groups of correlated variables. In turn, 
yield responses across sites can be correlated with new variables created in the basis of these groups. 
Results of factor analysis showed six groups of strongly correlated site variables (Table 8). 
Three of these groups were not significantly correlated with yield responses across these 27 sites. 
One group included organic matter, Ca, CEC, temperature in April. May and June, and rainfall in 
April; another group included rainfall during May and June; and the other group included soil pH 
and nitrate. The other three groups of correlated site variables explained 27% of the observed yield 
responses. One group was composed of the variables soil P and K, small-plant P and K 
concentrations, and leaf K. concentration at the R2 growth stage. Another group included the 
variables total plant weight, N uptake, and P uptake at the R2 growth stage. The other group 
included the variables leaf P at the R2 growth stage and rainfall during July. The study of these 
relationships helps to suggest reasons for the yield responses. The responses tended to be higher 
when soil P and K. availability and early uptake was low. a result that could be expected. It is 
important to realize that "P and K availability" refers to actual availability for the plant not 
necessarily soil test P and K. Similarly, yield responses were high when plant growth, N and P 
nutrition, and rainfalls were low in mid or late summer. 
It is likely that good summer conditions for growth and nutrient uptake reduced or 
eliminated any positive effect of foliar fertilization at early stages. An interesting relationship found 
is the higher yield response when plant dry weight and total nutrient uptake in mid summer were 
low. This complex relationship suggests that growth factors that reduce growth during the first half 
of the growing season increase the likelihood of positive responses to foliar fertilization. Indeed, 
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Table 8. Factor analysis and regressions of yield response on identified latent variables across sites. 
Factor' Correlation with response^ 
Variable loading r P> F 
Latent variable I: -0.01 0.96 
Organic matter -0.78 
Ca -0.62 
Cation exchange capacity -0.69 
Temperature in April 0.85 
Temperature in May- 0.91 
Temperature in June 0.91 
Rainfall in April 0.82 
Latent variable 2: -0.33 0.08 
Soil test P 0.75 
Soil test K 0.91 
Plant P 0.64 
Plant K. 0.80 
LeafK 0.73 
Latent variable 3: -0.41 0.03 
Plant dry weight 0.85 
Plant N uptake 0.86 
Plant P uptake 0.62 
Latent variable 4; -0.05 0.82 
Rainfall in May 0.85 
Rainfall in June 0.75 
Latent variable 5 0.23 0.24 
Soil pH 0.76 
Soil NO3 -0.63 
Latent variable 6: -0.33 0.09 
Leaf P 0.49 
Rain fall July 0.88 
t See the Materials and Methods section for explanation of the criteria used to create the latent variables. 
X Correlation coefficient (r) and statistical significance of the correlation between each latent variable and 
absolute yield increases across sites. 
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observations of overall yield levels show that the responsive sites often had lower overall yields than 
nonresponsive sites. 
CONCLUSIONS 
Foliar fertilization of soybeans with macronutrients at early vegetative stages increased 
yields under some conditions. Although differences between treatments were inconsistent across 
sites and years, a single application of 3-8-15 at a 28-L ha-1 rate (the lowest rate evaluated) was as 
successful as other fertilizers or rates in increasing yields and seldom decreased yields. Moreover, 
application of similar amounts of P and K. together with higher amounts of N (a 10-4-8 ratio) 
decreased yields in several trials. From a practical point of view, foliar fertilization of soybeans at 
early vegetative stages will seldom result in yield responses that would offset application costs. Use 
of low rates of fertilizers having low N content, however, could increase yields significantly when 
soil or weather conditions reduce plant availability of nutrients. In these instances, responses as high 
as 400 kg ha"' are possible. 
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CHAPTER 4: FOLIAR FERTILIZATION EFFECT ON PHOTOSYNTHESIS, NITROGEN 
CONTENT, AND YIELD OF SOYBEANS. 
A paper for submission to Crop Science 
M.U. Haq and A.P. Mallarino 
Department of Agronomy, Iowa State University, Ames. lA 50011 
ABSTRACT 
Foliar fertilization at reproductive stages was reported to increase seed yields of soybeans 
[Glycine max (L.) Merr.] in various studies, but results were inconsistent. The objective of this study 
was to assess if small amounts of N, P. and K applied early in the vegetative stages stimulate growth, 
increase grain yield, foliage and plant N content, and photosynthesis. To test this possibility we 
conducted eight field trials in 1995 and 1996. Treatments (four) were a control, an application of 28 
L ha"' of 3-8-15 (N-P-K.) fertilizer, and applications of 28 or 56 L ha"' of 10-4-8 fertilizer. Apparent 
photosynthesis was measured in fully developed upper leaflets in midday at the R2 stage with a LI-
6200 a photosynthesis system, and the same leaflets were collected for N analysis. Whole plant 
samples were taken at the R2 stage and analyzed for N concentration. Only the high rate of 10-4-8 
caused moderate leaf damage. Foliar fertilization with 3-8-15 increased CO, exchange rate (CER) 
slightly at most sites, although the increase was statistically significant only at Site 7. Fertilization 
seldom affected leaflet N. leaflet chlorophyll meter readings, leaflet area, leaflet weight, or whole 
plant N. The yield increase for a positive site was 275 kg ha ' with the application of 10-4-8 and 
yield decrease for a negative site was 200 kg ha"'. Overall yield increase across all sites were 50 kg, 
which was not statistically significant. Correlation analysis indicated that yield was significantly 
correlated wi± whole plant N and N uptake. Foliar fertilization at early growth stages has the 
potential to increase and decrease yields significantly under some conditions. These effects on yields 
could not be explained by effect on plant N content or photosynthetic rates. 
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INTRODUCTION 
Foliar fertilization is a fertilizer application method that can be used to complement soil 
fertilization for crops. Foliar fertilization of soybeans during pod-filling has resulted in inconsistent 
yield increases. An average yield increase of 1040 kg ha"' was reported with the application of N-P-
K-S fertilizers at reproductive stages by Garcia and Hanway (1976). They suggested that foliar 
fertilization during reproductive stages minimizes nutrient depletion from the leaves and the resultant 
decrease in photosynthesis that normally occurs during pod-filling when nutrients are demobilized 
from the leaves to the seed. Other researchers found smaller or inconsistent yield responses, 
however (Sesay and Shibles, 1980; Syverud et al., 1980; Pool et al. 1983). 
The positive effects of foliar fertilization at reproductive on grain yields could be the result 
of complex interactions among increases of plant nutrient content, enhancements of leaf 
photosynthesis, and delay of leaf senescence. Vasilas et al. (1980) reported that foliar N-P-K-S 
fertilization did not increase yields but increased plant N concentration. Boote et al. (1978) found 
that foliar fertilization at reproductive stages increased the nutrient concentrations of the leaves 
(mostly N) but did not significantly affect yields nor did it extend gross photosynthesis duration or 
delayed senescence. The maximum gross photosynthesis at their study was estimated to occur at 4.6 
to 6.0% leaf N and approached zero at approximately 1.75% N, a concentration similar to that of old, 
recently abscised leaves. Other reports showed that photosynthesis, leaf area index, and leaf N 
concentration, which define crop photosynthetic potential, were poorly related with seed yields 
(Sesay and Shibles, 1980; Butter and Buzzell, 1988). These results are not surprising because reports 
of relationships between apparent photosynthesis, seed yield, and specific leaf weight in soybean 
have been inconsistent. Domhoff and Shibles (1970) sampled apparent photosynthesis and specific 
leaf weight 15 times during reproductive growth stages and found that the two were highly 
correlated. Buttery et al. (1981) evaluated 12 soybean cultivars and found that specific leaf weight 
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and apparent photosynthesis were highly correlated during flowering but not during pod fill. Secor 
et al. (1982) evaluated 110 soybean lines and reported no consistent relationship between specific 
leaf weight and apparent leaf photosynthesis. 
Although the N requirement of soybean is one of the highest of agronomic crops (Sinclair 
and de Wit, 1975), N fertilization of soybean is not common practice. Application of N fertilizer to 
the soil at or before planting seldom increases yields of well-inoculated soybeans and tends to 
decrease Nj-fixation (Harper. 1974; Johnson et al.. 1975; Streeter, 1985), although in some situations 
the application of small amounts of fertilizer N can promote Ni fixation through legume growth 
(Herridge and Brockwell, 1988). Foliar N applications at early growth stages could enhance growth 
without inhibiting nodulation and N, fixation. Little research has evaluated the effects of foliar 
fertilization at early stages on plant N content at reproductive stages and grain yields. Furthermore, 
no research has evaluated the effects of foliar fertilization at early stages on leaf photosynthesis and 
potential relationships with plant N content and grain yields. 
Recent Iowa research (Haq and Mallarino, 1998a) reported that foliar fertilization at early 
vegetative stages (V5 to V6) with various rates of a 3-8-15 fertilizer increased yield at approximately 
20% of 48 field trials. Tlie highest mean yield increase across responsive sites was 333 kg ha ' and 
was achieved with one of the lowest rates used (28 L ha"' of 3-8-15). Foliar fertilization seldom 
increased P and K concentrations of mature leaves. In a following study, these authors (Haq and 
Mallarino, 1998b) compared the effects of several fertilizers varying on N-P-K content on grain 
yields and plant nutrient composition of soybean at 27 fields. They found no fertilization effects at 
many fields but found yield increases at three fields and negative effects of some treatments at four 
fields. The negative effects occurred for various N-P-K ratios but were more frequent for treatments 
that had the highest rate of N (56 L ha"' of a 10-4-8 fertilizer). Multivariate analyses among yield 
responses, plant nutrient content, and several site-variables showed that 27% of the variation in 
51 
yields could be explained by complex combinations of plant nutrient content, early plant growth, and 
rainfall in late spring and summer. 
This study was conducted simultaneously with the study conducted by Haq and Mallarino 
(1998b). The objectives were (1) to assess the effects of foliar fertilization at early vegetative stages 
on leaf photosynthesis, N concentration, surface area, weight, and chlorophyll meter readings 
measured at the R2 growth stage and (2) to study relationships between these measurements and 
yield response to foliar fertilization. It was theorized that early foliar N-P-K. fertilization increase 
plant growth and nutrient content and, indirectly, increase leaf photosynthesis and grain yield. 
MATERIALS AND METHODS 
The study was conducted during 1995 and 1996 at eight farmer's fields. Summarized 
information regarding the research sites is given in Table 1. Plot size was 12 m in length and 4.5 to 
5.5 m in width depending upon row spacing. Treatments (four) were a control, an application of 28 
L ha"' of 3-8-15 (N-P-fC) fertilizer, and applications of 28 or 56 L ha"' of 10-4-8 fertilizer. The 
fertilizers were sprayed at the V5 growth stage (Fehr et al., 1971). Sources of N-P-K nutrients in the 
fertilizers were H3PO4, aqueous ammonia, and KOH. The fertilizers were diluted into 100 L ha"' of 
water and sprayed using hand-held C02-powered sprayer at a constant pressure of 0.17 MPa. 
One composite soil sample (10 cores, 0 to 15-cm depth) was collected before the foliar spray 
form each replication at each site. Samples were analyzed for pH, organic matter, and macro and 
micro nutrients using routine soil-test methods (Table 2). Phosphorus was determined by the Bray-1 
method; EC. Ca, and Mg by the ammonium acetate method; and organic matter by loss of weight on 
ignition (LOl). Cation exchange capacity was estimated by the sum of Ca, Mg (from the ammonium 
acetate e.xtraction), and exchangeable H^. Exchangeable was estimated from measurements of pH 
and buffer pH, the latter by the Shoemaker, McLean, and Pratt (SMP) method. All methods used are 
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Table 1. Summarized information about the locations, foliar fertilization dates, and weather. 
Soil classificaliont 
Year Site Location Series 
Preplant^: Planting First Rainfall§ 
Great group Tllf fertilization Variety # date spray Ttt May June July 
• mm • 
1995 1 Cailender Webster T. Haplaquolls C 36-90-120 D-267 May 21 June 30 13 148 132 55 
2 Stratford Webster T. Haplaquolls R 
3 Manning Marshall T. Hapludolls N 
4 Ames Clarion T. Hapludolls N 
1996 5 Stratford Webster T. Haplaquolls R 
6 Parkersburg Kenyon T. Hapludolls N 
7 Ames 
8 Ames 
none S-2250 May 17 June 30 14 164 81 63 
none SOI-3237 May 22 July I 14 129 41 41 
none P-9273 June4 July 8 14 110 81 101 
none H-2250 May 21 July 9 14 143 187 87 
10-34-0 L-5248 May 16 July 9 13 133 70 57 
Webster T. Haplaquolls N 18-46-61 P-9273 June 12 July 10 14 194 132 104 
Webster T. Haplaquolls C 0-40-120 0-180 June 13 July 11 14 194 132 104 
t T = Typic, t Soil fertilization for soybean (most farmers fertilized the previous com crop). 
§ Monthly rainfall. 1TI = Tillage: C = chisel plow and R = ridge-till (76 to 97-cm row spacing). N 
No-till (19-cm row spacing). # D = Dekalb, H = Hill, L = Lynks, P = Pioneer, O = Ottile, and S = 
Stine. 
tt T = Average air temperature during May. 
Table 2. Soil analysis for selected nutrients. 
Soil analysis 
Year Site OM CECt pH NO3-N P K 
% -ppm 
1995 1 5.2 26 6.2 20 81 241 
2 4.1 23 6.0 11 13 89 
J 3.5 16 5.5 16 23 142 
4 2.3 15 6.7 10 19 90 
1996 5 4.8 24 6.3 13 41 148 
6 4.4 18 6.4 21 27 137 
7 4.1 21 5.8 14 45 156 
8 4.1 19 6.8 15 121 375 
tCEC = Cation exchange capacity meq lOOg''. 
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among those recommended for the North-Central region and procedures are described in the north-
central Publication 221 (Brown, 1998). 
Leaf CO2 exchange rate (CER) measurements were collected at the R2 growth stage from ail 
treatments with a portable photosynthesis analyzer (Model LI-6200, Inc., Lincoln. NE) and were 
expressed as nmol CO, m-- s '. Measurements were made on the most recently fully expanded 
terminal leaflet fi-om each of 8 plants from each plot. The leaflets measured were in full sunlight 
before sampling. Measurements were taken between 10:00 and 14:00 hours under clear sky 
conditions on days that had cloudless mornings. A chlorophyll meter (SPAD 502 Minolta Camera 
Co., Ltd. Japan) was used to measure the greenness on the same leaflets that were used for CER 
measurements. The unit less measurement of the chlorophyll meter is based on the difference in 
light attenuation at 430 nm and at 750 nm (Wood et al. 1992). The chlorophyll meter provides a 
number ranging from 0 to 80, with a higher number representing a greener leaf. 
Whole plants (8 plants per plot) were sampled randomly from three selected treatments the 
same day photosynthesis measurements were made (R2 growth stage), although sampling was 
avoided from the two center rows that would be used for grain harvest. The selected treatments were 
the control, the 28-L rate of 3-8-15 and the 56-L rate of 10-4-8 (these fertilization rates apply the 
similar amounts of P and K but the 10-4-8 fertilizer applies more N). The plant samples were dried 
in an air-forced oven at 65 °C and ground to pass a 2-mm screen and prepared for total N analysis. 
The N concentration and dry weight were used to calculate total N uptake per plant. 
The leaflets used for CER and chlorophyll meter measurements were stored in a portable 
cooler and taken to the laboratory for ftirther analyses. The leaflet surface area was determined using 
an LI-3100 leaf area meter (LI-COR Instruments, Lincoln, NE). Afterwards, the leaflets were dried 
to a constant weight at 65 °C, weighted, and analyzed for total N concentration. Nitrogen of all 
tissue samples was determined on dried and ground samples by a wet digestion procedure with 
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H2SO4 and HjO, (Digesdahl Analysis System, Hach Inc. Boulder, CO) followed by steam distillation 
ofNH4 (Keeney and Nelson, 1982). 
Grain yields were determined by cutting 9 m of the center two rows of soybean (or I m 
swath when a narrow row spacing was used) with a sickle mower. Grain was threshed with 
stationary thresher and yield was adjusted to 130 g kg"' of moisture. Visual ratings of potential leaf 
bum due to the fertilizer application were collected 7 to 9 days after spraying. The leaf damage was 
expressed as the percentage of leaf area damaged. Potential treatment effects on duration of leaf area 
were estimated by visual ratings of the proportion of green and yellow leaves before leaf drop began 
by at least two independent evaluators. 
All data were analyzed as a randomized complete block design with four replications 
appropriate procedures of the SAS package (SAS Inc. 1996) were used for analysis of variance and 
correlation analysis. Analyses of variance were performed for data from each site and across sites. 
Simple correlation analyses were performed to further study relationships between leaf 
photosynthesis, leaf N, grain yield, and other leaf variables across sites. Data for only the three 
treatments common to all measurements were used in the calculations (n = 96, from eight sites, three 
treatments, and four replications). Partial correlation coefficients among these variables were also 
calculated after removing class site effects using the MANOVA procedure of SAS. The partial 
correlations are better estimates of average relationships across sites based on within-trial variability 
(i.e., due to the treatments and other factors) than simple correlations because of the confounding 
effects of differences due to yield potential, variety, weather, and factors among sites are reduced. 
RESULTS AND DISCUSSION 
Foliar fertilization enhanced leaf CER significantly only at Site 7 (Table 3). At this site, the 
28-L of 3-8-15 increased CER rate while the other two treatments had no effect. Observation of data 
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Table 3. Effect of foliar fertilization on leaf CO-, exchange rate. 
Treatment and Grain Yields 
3-8-15 10-4-8 Statistics^ 
Year Site 0 28 56 28 TRT C vs. 1 
— |imol m'- $•' ~ —  P > F  —  
1995 1 21.6 23.3 22.0 21.8 0.78 0.60 
2 25.6 26.7 26.4 25.2 0.56 0.60 
J 23.2 24.3 23.3 23.8 0.97 0.69 
4 23.2 24.8 24.9 23.4 0.50 0.32 
Mean 23.4 24.8 24.1 23.5 0.41 0.31 
1996 5 26.4 26.2 24.6 26.3 0.18 0.32 
6 22.3 22.4 22.9 24.8 0.16 0.28 
7 25.7 26.7 25.1 25.6 0.08 0.84 
8 20.6 21.0 19.7 21.4 0.81 0.93 
Mean 23.7 24.1 23.1 24.5 0.53 0.87 
2-yr means 23.6 24.4 23.6 24.0 0.52 0.41 
especially for the higher rate used. 
Foliar fertilization usually did not influence leaflet N content or chlorophyll meter readings 
(Table 4). All treatments decreased leaflet N significantly at Site 4 and most treatments decreased 
chlorophyll meter readings at Sites 2 and 3. At these site, all treatments decreased the N content of 
the leaflets. There is no obvious explanation for the differences between the two measurements. 
Other research (Yadava 1986) has shown significant but not always high correlations between leaf N 
and chlorophyll meter readings. 
The foliar fertilization treatments seldom influenced leaf area and weight (Table 5). 
Analysis of variance showed that all treatments decreased leaflet area at Site 2 and leaflet weight at 
Site 3. The non significant treatment effects at other sites followed no clear trend, with decreases in 
56 
Table 4. Effect of foliar feitilization on leaf N concentration and chlorophyll meter readings. 
Treatment 
10-4-8 Statistics^ 
Year Site 0 
3-8-15 
28 56 28 TRT C vs. F 
• N concentration (g kg"') P> F-
1995 1 49.7 50.6 51.5 50.7 0.56 0.60 
2 49.6 50.3 49.5 49.5 0.95 0.92 
J 46.9 44.3 44.3 47.8 0.44 0.51 
4 61.1 58.3 60.2 58.1 0.05 0.03 
Means 51.8 50.9 51.4 51.5 0.97 0.73 
1996 5 51.7 48.9 51.4 50.5 0.53 0.41 
6 54.0 56.0 52.5 54.7 0.33 0.82 
7 53.5 54.3 56.3 54.5 0.42 0.28 
8 53.2 50.9 51.5 50.3 0.63 0.25 
Means 53.1 52.5 52.9 52.5 0.97 0.68 
2-yr means 52.5 51.7 52.1 52.0 0.94 0.60 
Chlorophyll meter readings 
1995 I 45.9 45.3 45.9 45.3 0.57 0.42 
2 47.6 46.7 47.1 46.8 0.17 0.05 
3 47.7 46.7 46.9 46.6 0.35 0.09 
4 42.5 42.9 42.7 43.2 0.71 0.42 
Means 45.9 45.4 45.6 45.5 0.89 0.47 
1996 5 42.7 42.9 43.2 43.6 0.53 0.54 
6 43.1 43.6 43.4 44.6 0.25 0.20 
7 41.9 40.9 40.7 40.6 0.61 0.21 
8 34.7 35.2 34.3 34.9 0.95 0.92 
Means 40.6 40.7 40.4 40.9 0.99 0.94 
2-yr means 43.2 43.0 43.0 43.2 0.99 0.84 
= treatment main effect, C vs. F = control vs. fertilized treatments. 
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Table 5. Effect of foliar fertilization on leaflet area and leaflet dry weight. 
Year Site 
1995 
1996 
2 
3 
4 
Means 
5 
6 
7 
8 
Means 
2-vr 
Treatment 
3-8-15 
28 
10-4-8 
56 28 
Statistics^ 
TRT C vs. F 
— Leaflet area (cm'-) — —  P > F  —  
51.2 52.4 48.5 51.8 0.86 0.94 
30.5 28.1 27.2 27.9 0.01 0.01 
41.4 36.0 38.2 39.3 0.39 0.18 
45.7 46.0 48.2 50.1 0.25 0.23 
42.2 40.6 40.5 42.3 0.93 0.72 
51.8 55.0 50.9 53.4 0.35 0.52 
46.7 48.4 44.7 48.8 0.34 0.75 
62.2 53.5 58.7 58.0 0.37 0.18 
68.2 69.1 71.2 71.7 0.18 O . I l  
57.2 56.5 56.4 58.0 0.97 0.93 
49.7 48.6 48.4 50.1 0.94 0.80 
1995 
1996 
Leaflet weight (mg) 
1 258 270 260 288 0.60 0.53 
2 148 153 145 160 0.12 0.33 
3 225 185 180 198 0.25 0.07 
4 220 210 220 230 0.52 1.00 
Means 213 204 201 219 0.76 0.77 
5 255 253 220 235 0.60 0.43 
6 183 215 168 228 0.14 0.35 
7 253 240 203 240 0.50 0.38 
8 258 270 260 288 0.60 0.46 
Means 237 244 213 248 O . l l  0.87 
2-yr 219 216 200 225 0.18 0.74 
t TRT = treatment main effect, C vs. F = control vs. fertilized treatments. 
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some sites and increases in others. 
Foliar fertilization seldom increased whole-plant dry weight, total N concentration or N 
uptake (Table 6). At Site 8. the 3-8-15 fertilizer did not affect plant weight but the 10-4-8 fertilizer 
decreased it. Plant N concentration was not affected at any site. Nitrogen uptake was increased by 
all foliar treatments at Site 4 and was decreased by the 10-4-8 fertilizer at Site 8. The fertilizer 
effects at Site 8 were consistent because both dry weight and N uptakes were decreased by the 10-4-8 
fertilizer and N concentration remained the same as in the control. Fertilization effects in increasing 
growth and N uptake at Site 4 also were consistent although the small fertilizer effect on dry weight 
did not reach statistical significance. 
The foliar treatments influenced yields significantly only at two sites (Table 7). At Site 4. 
the low rate of 10-4-8 fertilizer did not affect yields but the 3-8-15 fertilizer and the high rate of the 
10-4-8 fertilizer decreased yields. At Site 6, the 3-8-15 fertilizer did not affect yields and the two 
rates of 10-4-8 fertilizer increased yields. Yield responses over all sites (each year or over the two 
years) did not reach statistical significance but all foliar fertilization treatments increased yield 
slightly. The advantage of low rate of the 10-4-8 fertilizer compared to the 3-8-15 fertilizer 
suggested in this study does not agree with previous results. Haq and Mallarino (1998b) concluded 
that the 3-8-15 fertilizer showed more consistent response than the 10-4-8 fertilizer. 
The lack of consistent treatment effects on the measurements collected cannot be explained 
by site characteristics or leaf damage due to fertilization. Leaf damage (data not shown) was 
significant for the high rate of the 10-4-8 fertilizer (0 to 6 % across sites), was very light for the low 
rate of 10-4-8 (0 to 1 %), and was not measurable for the 3-8-15 fertilizer. The leaf damage due to 
the high rate of 10-4-8 was never high when this treatment decreased yield or any of the 
physiological measurements. Leaf damage was moderate to high, however, when this treatment 
Table 6. Fertilization effects on whole-plant drv weight and N content at the R2 growth stage. 
Dry weight N concentration N uptake 
3-8-15 10^^ 3-8-15 10-4-8" 3-8-15 10-4-1 
Year Site 0 28 56 0 28 56 0 28 56 
- g planr' - g kg"' mg planr' 
1995 1 12.1 12.1 10.8 37.5 34.9 37.3 453 419 398 
2 6.8 6.8 7.2 32.0 29.7 31.0 217 201 223 
J 8.3 7.6 8.1 29.4 31.3 30.5 246 237 246 
4 7.3 7.4 7.6 35.1 40.3 37.0 255 297 282t 
Mean 8.6 8.5 8.4 33.5 34.1 34.0 293 289 287 
1996 5 7.7 8.4 8.3 32.9 36.0 32.8 251 300 273 
6 7.4 8.7 7.6 32.6 34.7 35.5 252 297 268 
7 10.6 8.3 9.1 32.5 32.5 34.7 351 270 316 
8 9.7 9.8 7.8t 38.3 39.1 38.7 371 386 299t 
Mean 8.9 8.8 8.2 34.1 35.6 35.4 306 313 289 
2--yr means 8.7 8.6 8.3 33.8 34.8 34.7 300 301 288 
t Significant differences {P < 0.10) between treatments. 
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Table 7. Effects of foliar fertilization on grain yields of soybean for 8 sites. 
Treatment and Grain Yields 
3-8-15 10-4-8 Statistics^ 
Year Site 0 28 56 28 TRT C vs. 1 F LSDons LSDn in 
kg ha*' — — P >F — kg ha"' — 
1995 1 4365 4666 4450 4195 0.15 0.75 - -
2 3267 3449 3438 3543 0.74 0.39 - -
J 3079 3180 3217 3 I I 8  0.93 0.63 - -
4 3044 2757 2784 2945 0.02 0.01 329 271 
Mean 3439 3513 3472 3450 0.95 0.73 - -
1996 5 3327 3384 3466 3325 0.57 0.50 _ 
6 2665 2648 2741 3138 0.03 0.15 303 213 
7 3523 3511 3569 3713 0.80 0.70 - -
8 3591 3611 3659 3558 0.93 0.89 - -
Mean 3277 3289 3359 3434 0.76 0.51 - -
2-vr means 3358 3401 3416 3442 0.92 0.49 - _ 
t TRT = treatment main effect, C vs. F = control vs. fertilized treatments. 
Increased yields or other measurements. For example, at Site 4 leaf burning was negligible but 
decreases of yield and leaflet N was significant and CER increased slightly. Furthermore, the results 
showed little or no coincidence on the effects of the treatments on the several variables measured and 
at some sites the effects cannot be explained. For example, at Site 4 there were similar negative 
effects of fertilization on grain yield and leaflet N concentration which were not observed on whole-
plant weight, N concentration, or total N uptake. 
Analysis of selected correlations between variables when data from all sites were combined 
are shown in Table 8. Correlation analyses are useful to suggest relationships between the variables, 
although careful interpretation of cause and effect relationships is required. Several statistically 
significant correlations deserve special comments. The simple correlations show that grain yield was 
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Table 8. Correlations among measurements across sites. 
Variable^ Yield CER N SPAD PW 
Simple correlation coefficient* 
CER -0.25 
Leaflet N -0.20 0.02 
SPAD -0.06 0.40 -0.23 
Plant N 0.06 -0.26 0.27 -0.32 
Plant weight 0.60 -0.25 0.08 -0.04 0.17 
Plant N uptake 0.52 -0.34 0.19 -0.18 0.61 0.88 
Partial correlation coefficient after removing site effects 
CER -0.20 
Leaflet N -0.01 -O.IO 
SPAD -0.06 0.36 0.11 
Plant N -0.17 0.01 0.01 0.19 
Plant weight 0.28 -0.08 0.31 0.26 -0.03 
Plant N uptake 0.13 -0.10 0.30 0.33 0.54 0.82 
t Variables CER = CO, exchange rate. Leaflet N = leaflet N concentration, and SPAD = chlorophyll 
meter readings, and Plant N = plant N concentration. 
:j: A correlation coefficient greater than 0.20 (positive or negative) is statistically significant at the 
0.05 probability level. 
strongly and positively correlated with whole-plant weight (0.60) and N uptake (0.52) but weakly 
and negatively correlated with CER and leaf N. This correlation could be expected, and was 
observed in other studies (Haq and Mallarino, 1998b). The negative correlations between yield and 
CER or leaf N, and between CER and plant weight or plant N uptake was not expected. 
Explanations for these negative relationships are not obvious and could be a spurious result due to 
differences in other factors between sites. The partial correlation coefficients showed in the table 
provide an estimate of relationships that is less affected by distortions introduced by different levels 
of the variables among sites due to factors such as yield potential, variety, weather, and other factors. 
Study of these partial coefficients show that only a few of the relationships remain significant, most 
positive. These include the relationship between yield and plant weight. Notably, the negative 
relationship between yield and CER is barely statistically significant in this analysis. 
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Other significant correlations worth mentioning involve the chlorophyll meter readings. 
These readings were correlated with CER, plant weight, and plant N uptake. Contrary to 
expectation, the chlorophyll meter readings were not related to leaflet N concentration. The 
coefficients were small in most instances probably because of the high N concentrations and narrow 
ranges of variation of the variables. For example, maximum photosynthesis usually occurs in the 
range of 46 to 60 mg N kg"' (Boote et al. 1978) in soybean. Furthermore, N concentration of 44 to 70 
mg kg ' is considered high in soybeans leaves at bloom (Jones 1966). Most leaf N measurements in 
this study were within this range. The lack of significance relationships between chlorophyll meter 
readings and leaf N might also be explained by a plateau in readings that has been observed at high N 
levels (Dawyer. 1994). The better correlations between the chlorophyll meter readings (compared 
with those for leaf N) and CER, plant weight, or total plant N uptake has no obvious explanation. 
It was not expected that the foliar fertilization treatments would directly increase yield. CER. 
N, leaf area, leaf weight, whole-plant weight, or total N because the amounts applied were small, and 
small changes would be difficult to detect. It was believed possible, however, that foliar fertilization 
at early stages could increase the measured variables indirectly by increasing early growth. 
Increased early growth could also increase N, fixation and nutrients uptake from the soil. 
In summary foliar fertilization at early vegetative stages failed to increase yield, CER, and 
plant N content consistently. It is likely that good spring and summer conditions for growth and 
nutrient uptake reduced any positive effect of foliar fertilization at early growth stages. Yield 
response of 274 kg ha"' and yield decrease of 200 kg ha ' were observed at some sites, however. 
Further studies are needed to identify the factors responsible for the unfrequent and inconsistent 
responses observed in this study. 
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CHAPTER 5: GENERAL SUMMARY AND CONCLUSIONS 
Foliar fertilization of soybeans with macronutrients at early vegetative stages may increase 
yields under some conditions. Conclusions concerning the proportion of fields in which foliar 
fertilization increased yields varied with the criterion used to evaluate the responses. When a strict 
statistical probability level is used (for example a probability level of ct = 0.05 or less), it is 
concluded that foliar fertilization increased yields in 13% of the fields and decreased yields in 4% of 
the fields. When a less conservative probability level is used (a = O.IO), some or all fertilization 
treatments increased yields in 19% of the fields and decreased yields in 8% of the fields. 
There was little difference between products, rates, or frequencies of application except for 
the 56 L ha ' rate of 10-4-8. This treatment eidier did not increase yields or produced lower yield 
increases. An important result is that rates higher than 28 L ha ' of 3-8-15 (either in single or doble 
applications) usually were not better than lower rates. Foliar fertilization with 28 L ha"' of 3-8-15 
increased yields an average of about 200 kg ha"' in the fields classified as responsive by the least 
conservative statistical level of confidence. Without consideration of statistics, 3-8-15 increased 
yields by at least 135 kg ha"' in 34% of the fields and reduced yields by at least 135 kg ha ' in 17% of 
the fields. Over all 48 fields, the response to 3-8-15 was about 70 kg ha"'. 
Most of the soils were in optimum or above optimum range of soil test P and K according to 
current Iowa State University standards. The responses observed probably would have occurred in 
addition to any direct soil fertilization. Foliar treatments seldom influenced the N, P, and K. 
concentration of trifoliolate leaves, total nutrient uptake of whole plants, and apparent 
photosynthesis measured at the R2 growth stage in 1995 and 1996. Tlie effects, when significant, 
were inconsistent across sites with positive effects in some instances and negative in others. Usually 
there were no significant differences between fertilized treatments or differences were not consistent 
across the sites. In several sites, however, application of 56 L ha"' of 10-4-8 reduced nutrient uptake 
67 
and the split application of 38 L ha"' of 3-8-15 increased nutrient uptake more than other treatments. 
No simple set of measurements can be used to predict when responses are more likely. The 
results do suggest, however, that responses will be more likely when nutrient availability, especially 
N and P, and climatic factors limit plant growth and nutrient uptake in late spring and early summer. 
The results for one year also suggest that responses will be more likely in fields managed with ridge-
till or no-till management. Results of factor analysis across 48 sites for the 3-8-15 fertilizer 
explained 14 to 23% of the responses. The responses tended to be higher when the soil cations 
increased and rainfall in April decreased. Similar analyses including the last two years of data where 
more measurements were made showed that 27% the variability on responses could be explained by a 
more complex group of variables. The yield responses tended to be higher when plant growth. N and 
P nutrition, and rainfalls were low in mid or late summer. 
From a practical point of view, foliar fertilization of soybeans at early stages will probably 
be a profitable practice when field observations such as reduced early plant growth, soil conditions, 
and weather suggest a low plant availability of nutrients or stress. In these instances, responses as 
high as 700 kg ha ' are possible. Across all conditions, however, the expected average response is of 
approximately 70 kg ha"'. 
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